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ABSTRACT   
Although silicate grout is a very well-established and popular technique in the 
ground improvement market, efforts have been initiated to replace chemically-
synthesized silicate grout with plant-extracted silica grout. This initiative will increase the 
level of sustainability and consequently advance the existing market acceptability. This 
study evaluates the use of plant-extracted silica solution as a bio-based grout material for 
improvement of granular soils. The silica-rich plant source used for extraction was rice 
husk, which is an abundantly produced agricultural waste. The extraction method 
includes acid-leaching, temperature-controlled rice husk ash production and the 
preparation of an aqueous sodium silicate solution from the ash through an alkaline 
leachate method. Silica ash was in amorphous form containing 95% of silica content 
which is suitable for soil treatment. Gelation time was controlled in the absence and 
presence of sand under different pH values. Bio-based silica grouting showed an 
improvement of the shear strength of the soil as well as the hydraulic conductivity 
reduction.  
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CHAPTER 1 
INTRODUCTION 
Due to environmental concerns, infrastructure design and construction is leaning 
towards the incorporation of sustainable solutions. Ground improvement practice is 
incorporating several sustainable techniques such as contamination-free treatment of soil 
and groundwater, use of waste or recycled materials, noise-free and non-devastating 
techniques, and easy-to-handle and use tools and methodologies. Recent research studies 
on soil improvement that make use of waste material to develop biologically based 
solution. Examples include: the use of  carbon agents such as bacteria and free enzyme to 
precipitate carbonate as cementitious material for soil stabilization (Mortensen and 
DeJong, 2011; Cheng et al., 2014; Zhao et al., 2014; Kavazanjian and Hamdan, 2015; 
Kavazanjian et al., 2017); the use of flying ash, a pozzolanic waste material from coal 
power plants (Cheung and Venjitachalam, 2000; Edil et al., 2006); and the use of tire 
rubber, which has shown to enhance the shear strength of sands (Attom, 2006). Rice husk 
is a common waste material that is usually dumped or burned with no appropriate usage 
(Bakar et al., 2016). Statistics showed that the amount of the annual production of rice is 
about 400 million metric tons with more than 10% of it being rice husk (Yalçin and 
Sevinç, 2001). Rivas et al. (2016) also noted that the world rice paddy production in 2015 
was 740 million tons with about 20% being rice husk. 
Rice husk contains cellulose and silica in the inner epidermis and impurities and 
high amount of silica in the outer epidermis (Real et al., 1996). By combustion, rice husk 
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ash is obtained with a high silica content and a small amount of impurities (Real et al., 
1996; Yalçin and Sevinç 2001; Rivas et al., 2016).  
The benefits of rice husk-based solutions and potential uses have been reported in 
different field applications. Rice husk has been reported to be used as pest control agent, 
bio-fertilizer additive, heat generator, gas for cook stoves, and electricity generation 
(Prasad and Pandey, 2012). Countries like Cambodia, India, and Myanmar have reported 
the use of rice husk to generate electricity for houses and villages (Pode, 2016). Rice 
husk ash can be used as a water purifier for water filtration from arsenic; as a pozzolan or 
cementing agent in the cement and concrete industries for different applications (Prasad 
and Pandey, 2012); and in the removal of phosphate from wastewater (Mor et al., 2016).  
Silica solution is known as sodium silicate solution, colloidal silica solution, and 
silica soil (Bergna and Roberts, 2005; Luiz Foletto, 2006; De Sousa et al., 2009). Sodium 
silicate solution requires low pressure for soil injection procedures due to its low 
viscosity (close to water viscosity), which makes it ideal for soil improvement underneath 
existing structures (Gallagher et al., 2007a). Silica solution extracted from rice husk is 
therefore, set to increase the sustainability of soil improvement technology. Applications 
of the use of sodium silicate solution in geotechnical engineering include liquefaction 
mitigation, plugging materials, soil stabilization, and reservoir profile modification 
(Bauer et al., 2005; Gallagher et al., 2007a; Gallagher et al., 2007b; Moayedi, 2012; 
Hamouda and Amiri, 2014). 
This document presents an assessment of the feasibility of using silica solution 
extracted from rice husk as a grouting material for soil improvement. Although this 
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application has been well stablished by using a commercialized, synthetic silica solution; 
only one study was found on the use of silica solution extracted from rice husk for soil 
treatment (DeLuca, 2017). DeLuca studied the ability of reducing clay swelling by using 
rice husk extracted silica solution. DeLuca used two different soil mixtures with high 
expansive potential (90% Anthem clay - 10% bentonite and 70% Anthem clay - 30% 
bentonite) and produced silica gel at a pH of 7. The silica gel was mixed with the 
fabricated soil and let it cured for several days. DeLuca found that the silica gel reduced 
the swelling of the soil by 70%. 
1.1 Objective of the Study 
The main objective of this research is to evaluate the effect of rice husk extracted 
silica solution on the strength and hydraulic conductivity of a granular soil. This 
document presents studies on a) the behavior of bio-based plant-extracted silica solution; 
b) laboratory testing procedures followed to improve the silica solution used for soil 
improvement; and c) the mechanical behavior of a treated granular material soil. This is a 
baseline study, which is part of a greater goal of our research team working on the use of 
silica solution extracted from silica-rich plants as treatment material for geotechnical and 
geoenvironmental applications. 
1.2 Plan of Work 
The following tasks were conducted to complete the objective: 
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1.2.1 Task 1: Literature Review 
The literature review purpose is to collect information regarding the subject under 
investigation. Extraction of silica from rice husk and the geotechnical applications for 
silica grouting were reviewed. The topics that were reviewed included: the production of 
rice husk ash, the chemistry of sodium silicate solution, silica gel properties, and the 
mechanical behavior of silica grouted specimens 
1.2.2 Task 2: Characterization of Untreated Soil 
Ottawa 20-30 sand was used in this research study. Under this task, the following 
information was collected in order to characterize this material: relative density (ASTM 
D4254), specific gravity (ASTM D854), grain size distribution (ASTM D422, and ASTM 
D2487), and pH of soils measurement (ASTM D4972). This task required a minimum 
amount of work since the ASU research groups have already collected most of the data 
for the characterization of this material. 
1.2.3 Task 3: Preparation of Sodium Silicate Solution 
In order to optimize the gel production for treating the soil, three studies were 
conducted. The objective of the first study was to produce the purest sodium silicate 
solution or, in other words, with the least amount of residue and impurities. The second 
study was aimed at controlling the gelation time of the bio-based solution; and the last 
study objective was to find out the effect of the soil on the gelation time of the solution.  
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1.2.4 Task 4: Bench Scale Soil Treatment Procedures 
Two different soil mixing techniques were evaluated: percolation and mix & 
compact.  Under percolating conditions, several drying/curing methods were attempted, 
that included a) drying the sample out after one day, 7 days and 14 days of curing time; 
and b) not drying the sample after treating it for 7 and 14 days. 
1.2.5 Task 5: Direct Shear Testing 
Direct shear tests were conducted in order to compare the strength of untreated 
and treated Ottawa 20-30 material. The tests followed the ASTM D3080 standard 
procedure. Table 1-1 presents the number of experiments conducted under different 
normal stresses and curing times. 
Table 1-1 Experiments Required for Direct Shear Testing 
 
Treatment Characteristics (Curing Time) 
Normal Stress (kPa) Untreated (0) Treated (7 days) Treated (14 days) 
50 3 4 4 
100 3 4 4 
200 3 4 4 
Total 31 
1.2.6 Task 6: Hydraulic Conductivity of the Soil  
The permeability of the soil is the ability of the soil to allow air, water or any 
liquid to pass through the porous of the soil. The higher the hydraulic conductivity, the 
faster the water will move in or out of the soil. The hydraulic conductivity of untreated 
and treated specimens of Ottawa 20-30 was obtained. Two experiments were performed 
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to complete this task as shown in Table 1-2. In addition, a naturally occurring sand 
specimen was tested after 7 days of curing time.  
Table 1-2 Hydraulic Conductivity Experiments Performed  
Sample type Treating curing time (days) Total experiments 
Ottawa 20-30 Untreated, 7 2 
Disturbed Sample 7 1 
Total 3 
 
1.2.7 Task 7: Durability of the Treated Sample 
 The durability of the treated soil under two different conditions was studied under 
this task. The conditions included: soaking the treated specimen; and treating the soil 
under saturated conditions. The durability of the samples was analyzed with direct shear 
test results before and after the applied treatment.  
1.3 Scope of the Research 
The experiments in this research study were performed on Ottawa 20-30 sand 
material with a relative density of 50%. In addition, the sodium silicate solution used to 
treat the specimens was at a concentration of 2:1 (silica: sodium). The tests under Tasks 
4, 5 and 6 were performed at a particular pH.  
1.4 Thesis Organization 
 This manuscript is divided into the following Chapters: 
• Chapter 1: Presents the introduction to the problem, provides the objective of the 
manuscript, and outlines the required tasks and the limitations of the work. 
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• Chapter 2: Presents a standalone document that details the methodology followed 
for the extraction of silica solution from rice husk.  
• Chapter 3: This chapter discuss the different approaches pursued in order to find 
the most suitable method for sand treatment; presents and discusses the 
mechanical behavior results of untreated and treated samples. Finally, the 
document outlines possible applications for the treatment. 
• Chapter 4: This chapter summarizes conclusions and recommendations for further 
study and investigation of silica grouting for granular soil material. 
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CHAPTER 2 
CHARACTERIZATION STUDIES ON SILICA SOLUTION EXTRACTED 
FROM RICE HUSK FOR SOIL IMPROVEMENT 
2.1 Abstract 
Silica grouting is a very well established and popular technique in the ground 
improvement market. Silica grouting contain sodium silicate which is commercially 
available is not a bio-based solution. The study aiming to use a plant-extracted silica 
solution as a bio-based grout material for improvement of granular soil and evaluate the 
main characterizations of the silica bio-grouting. Rice husk is rich with silica that is 
abandonly available and considered as an agricultural waste. The extraction of silica from 
rice husk involved acid leaching with 1.5M hydrochloric acid for 20 minutes, incineration 
at 600°C for 2 hours, and producing sodium silicate solution by alkaline leaching with 
sodium hydroxide. The ash consists 95.11% of silica content as a weight compound. 
Gelation time of the solution in the presence of soil was longer comparing when soil is 
not presented. It is also observed that as the silica gel dehydrates, the gel condenses and 
transforms to glass-like material, salt, unreacted silica, and water. The glass-like material 
is bonding the soil particles together to produce a stiff specimen. The treatment was 
observed to significantly reduce the permeability and increase the shear strength of the 
soil as a result of silica gel formation in the voids by using percolation method.  
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2.2 Introduction 
Globally, over 600 million tons of rice paddy is produced each year (Muthayya et al., 
2014). On average 20% of the rice paddy is husk, giving an annual total production of 
120 million tones (Giddel and Jivan, 2007). Traditionally, rice husks have been disposed 
in landfill (Kamath and Proctor, 1998), however, rice husk has a hard surface, high 
silicon content, small bulk density, poor compactability, and cannot easily be 
decomposed by bacteria. Thereby, it can result in a dramatic source of pollution, of 
eutrophication and perturbations in the aquatic and terrestrial life (Mane et al., 1998). To 
minimize this disposal nuisance, several studies have been published on the beneficial 
use of rice husk for different applications. For instance, it was identified that the rice husk 
can be used as a source of energy in biomass power plants (Matori et al., 2009), fuel for 
machine operations (Ahiduzzaman and Islam, 2016), fuel for household energy 
(Ahiduzzaman, 2007) source of carbons to produce activated carbon (Le Van and 
Luoung, 2014; Hanum et al., 2017), fertilizer using vermicomposting technique (Lim et 
al., 2012), hydroculture growth medium (Jayawardana et al., 2016), ingredient in porous 
silica-carbon composites (Shen et al., 2014), ingredient in insulating fire brick (Ugheoke 
et al., 2006), and filler ingredient in pet food (Khan et al., 2015). The rice husk can also 
be partially combusted (i.e. dry carbonization) to create a silicon-rich biochar (Nwajiaku 
et al., 2018). In addition, full combustion of rice husk results in rice husk ash (RHA), 
which has many applications including its use as a cooling decelerating agent in high 
quality still production, silica source in ceramic and refractory industry, reinforcing agent 
in rubber industry, anti-caking agent in food industry, cleansing agent in cosmetics and 
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toothpaste, sorbent in water purification, pozzolan in concrete and cement-based 
materials, and source material for creation of geopolymers (Kumar et al., 2012) and either 
alone or in mixture with lime for soil stabilization (i.e. improving mechanical properties 
of soil) (Jha and Gill, 2006). Among all the applications of rice husk and its ash reported 
in the literature, to the best of our knowledge, no study was found addressing use of rice 
husk-extracted silica solution as silica grout material for soil stabilization although 
extraction of silica from rice husk has been well studied (Luiz Foletto et al., 2016; 
Ghorbani et al., 2015; Rivas et al., 2016). 
Silica grout is one of the most conventional grout materials for soil stabilization and has 
been used in the past for liquefaction mitigation (Gallagher and Mitchell, 2002). Silica 
grout refers to sodium silicates which are produced at various molar ratios of silica to 
alkali (SiO2:Na2O), water contents, and silica particle sizes. Sodium silicates with 
SiO2:Na2O ratio of less than 1 are called colloidal silica solutions. Sodium silicate is in 
the list of substances that Pose Little or No Risk to the Environment (PLONOR) (OSPAR 
Commission, 2016), which makes it a non-hazardous, eco-friendly grout material for 
injection into soil, specially where there is a risk of groundwater contamination by the 
injected solution. However, the calcination process (i.e. fusing quartz sand and soda ash 
at high temperature, ≈ 1500℃) which is widely used for manufacturing sodium silicates 
at industry scale is expensive, energy intensive and hence, creates environmental 
concerns (Novotny et al., 1991). Using rice husk as a raw material for obtaining sodium 
silicate solution can minimize the issues associated with high temperature the calcination 
process. In addition, consumption of rice husk eliminates the land use and the pollution 
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associated with its disposal in landfills. Burning rice husk for sodium silicate production 
requires significantly less temperature (≈ 600℃) because of its high combustion heat 
which makes it an attractive source of energy for biomass power plants (Chungsangunsit 
et al., 2005) and as a source for soil treatment. 
This study aims to demonstrate that the sodium silicate solution extracted from rice husk 
can be used as a grout material for soil stabilization. Two main objectives were pursued. 
The first objective was to investigate and control some aspects of the gel formation from 
the extracted sodium silicate solution. The second objective was aimed at determining the 
mechanical properties of a treated sand, and how the gel formation in the pores affects its 
shear strength and hydraulic conductivity.  
2.3 Background 
2.3.1 Availability of Rice Husk 
Rice husk is the outer cover of the rice grains. In 2001, Yalçin and Sevinc reported that 
the production of rice was approximately 400 million metric tons, of which more than 
10% was rice husk (Yalçin and Sevinc, 2001). Rivas et al. (2016) confirmed that rice is 
almost abundant everywhere in the world and reported that the production of rice was 
about 740 million tons in 2015. Sarifnasab (2017) also reported that 220 kg per 1,000 kg 
(22%) of rice produced correspond to rice husk, which showed that about one fifth of the 
world’s annual rice production is rice husk. If burned, the 220kg of rice husk will roughly 
produce 55 kg (25%) of RHA. This means that about 4 million tons of ash could have 
potentially been produced in 2015 alone. However, rice husk is mostly dumped or burned 
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in a way that pollutes the environment (Abu Bakar et al., 2016) and it is considered a 
waste product in the rice industry with no commercial value. The nature of rice husk 
contains about 20% to 25% of silica and cellulose with the outer epidermis of the rice 
husk containing less organic material and higher percentage of silica, especially at the 
tips of the cell (Real et al., 1996; Rivas et al., 2016). 
2.3.2 Silica Extraction from Rice Husk 
Acid washing and incineration of rice husk produce a high amount of an amorphous silica 
with low amount of metallic impurities. Rivas et al. (2016) reported that untreated RHA 
contained 87.4% of silica (SiO2) by weight, with the rest of the material corresponding to 
metallic impurities such as potassium oxide (K2O), phosphorus pentoxide (P2O5) and 
calcium oxide, among others. Rivas then treated the rice husk by washing it with one 
molar of hydrochloric water solution (1NHCl) and then burned at a temperature of 650°C 
for 3 hours. The treated sample resulted in 96.9% silica (SiO2) as a weight compound. X-
ray diffraction was used to determine whether the silica content in the RHA was 
amorphous. As shown in Figure 2-1, sample 1 (untreated sample) and Sample 2 (treated 
sample) presented a hump between 2 between 20° and 30°, which shows the amorphous 
nature of the silica.  
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Figure 2-1. XRD Patterns for Treated and Untreated RHA (Rivas et al., 2016) 
X-ray diffraction was also done on washed rice husk but incinerated at temperatures 
between 800°C and 1000°C. Figure 2-2 presents the results obtained at different 
temperatures and incineration times. Rivas et al. concluded that an increase in 
temperature leads to less impurities but at the same time, Cristobalite and Tridimite are 
higher than that observed at lower temperatures. Temperatures higher than 800°C will 
lead to changes in the form of silica from amorphous to crystallized, by the clear 
manifestation of Cristobalite and Tridimite, two forms of crystallized silica. Therefore, 
amorphous structure of the silica depends on temperature and calcination duration. 
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Figure 2-2. XRD Patterns for Different Conditions (Rivas et al., 2016) 
Matori et al. (2009) presented a procedure where the rice husk was washed with distilled 
water and oven-dried for 106°C for 16 hours. The untreated rice husk was used as the 
control and rice husk was washed once with one molar of hydrochloric acid (1MHCL), 
once with one molar of sulfuric acid (1MH2SO4), and once with one molar of nitric acid 
(1MHNO3). Processing the sample involved: a) leaching the mixture; b) heating it up at 
70C° for two hours; c) filtering the rice husk; and d) oven-drying at 120°C for 24 hours. 
The rice husk was then burnt at 500°C for one hour, and at 800°C for two hours. The 
resulting RHA after burning at 500°C for one hour was black due to carbon content, 
whereas that resulting after burning at 800°C for two hours was white ash. Table 2-1 
shows the chemical composition of untreated and treated RHA. Washing the samples 
with Hydrochloric acid (HCL) resulted in the highest percentage of silica by weight, but 
the difference was marginal when comparing to the other treatments. Furthermore, the 
treatment only improved the silica content by 4%. Finally, X-ray diffraction (Figure 2-3) 
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showed a hump around 20° to 25° for all treated samples, which proves the RHA is 
amorphous. The peak that appeared in the untreated sample is an indication that 
Cristobalite was formed. Matori et al. (2009) then concluded that acid-leaching process 
stimulated amorphous structure and that the untreated sample showed the presence of 
Cristobalite in the silica ash.  
Table 2.1 Chemical Composition by Matori et al. (2009) 
Oxide 
element Untreated 
Treated with 
HCl 
Treated with 
H2SO4 
Treated with 
HNO3 
(wt%) 
SiO2 93.67 97.64 97.20 97.23 
K2O 1.82 0.25 0.25 0.23 
Al2O3 1.45 0.24 0.44 0.29 
CaO 1.30 0.93 0.89 0.91 
MgO 0.57 0.31 0.32 0.29 
Na2O 0.54 0.13 0.4 0.52 
Fe2O3 0.47 0.42 0.43 0.45 
MnO 0.09 0.01 0.01 0.01 
CuO 0.05 0.05 0.05 0.05 
ZnO 0.04 0.02 0.01 0.02 
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Figure 2-3. XRD on RHA Submitted to Different Pre-treatments (Matori et al. 2009) 
Yalçin and Sevinc (2001) also studied the characteristics of silica obtained from rice 
husk. The procedure involved: 1) rice husk washing with water and then oven-dried at 
110C° for 24 hours; 2) rice husk washing by reflux boiling in 3% (v/v) of hydrochloric 
acid (HCl) and with 10% (v/v) of sulfuric acid (H2SO4) for two hours; 3) filtered with 
distilled water and over-dried for 110C°; and 4) rice husk burned at 600C° for two hours. 
Another test conducted is to test under different atmospheres; static air for 4 hours, 
flowing air for 3 hours, flowing argon and oxygen for 4 hours, and flowing oxygen for 2 
hours. As reported in the paper, any incineration temperature above 700°C resulted in 
changing silica structure from amorphous to cristobalite and tridymite forms; and lower 
contents of amorphous silica. Another observation from Yalçin and Sevinc is that burning 
for two hours at flowing oxygen will result the in a higher content of silica when 
compared to static air for 4 hours, flowing air for 3 hours, and flowing argon and oxygen 
for 4 hours. The amount of silica as component weight when acid leaching with sulfuric 
acid (H2SO4) was reported to be 99.60%, and acid leaching with hydrochloric acid (HCl) 
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resulted in 99.16%. Unlike Matori et al. (2009), X-ray diffraction (Figure 2-4) indicated 
that both, untreated and treated samples resulted in amorphous forms of silica. 
 
Figure 2-4. XRD by Yalçin and Sevinc (2001) 
Ghorbani et al. (2015) investigated the production of silica ash. Rice husk were first 
washed with tap water to remove dirt and impurities and then oven-dried at 60°C for 24 
hours. Ghorbani et al. used three types of acid during the pre-treatment process: 
hydrochloric acid (HCl), nitric acid (HNO3), and sulfuric acid (H2SO4). Untreated and 
treated rice husk were combusted at 600°C for 6 hours. The chemical compound for the 
three leaches indicates that washing with hydrochloric acid (HCl) have the highest 
amount of silica of 95.6% by weight and pure white ash was obtained. The untreated rice 
husk scored 85.2% by weight. Ghorbani et al. also ran an X-ray diffraction experiment on 
RHA leached with hydrochloric acid (HCl) and found the silica produced had amorphous 
structure. 
Abu Bakar et al. (2016) on the other hand washed the rice husk with sodium dodecyl 
sulfate solution (SDS) to remove impurities and then distilled water to remove the SDS. 
After air-drying the rice husk was oven dried at 110°C for 24 hours. The authors then 
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washed the rice husk with 0.5M of hydrochloric (0.5MHCl) or 0.5M of sulfuric acid 
(0.5MH2SO4) for 30 minutes. Samples were then filtered and air-dried for then oven-dry 
at 110°C for 24 hours. Both untreated and treated rice husk were burned at different 
temperatures for 2 hours. The chemical composition of acid-washed ash with 
hydrochloric acid (HCl) showed that the silica obtained was 99.6% by weight; the acid-
wash with sulfuric acid (H2SO4) resulted in 99.1% silica by weight and the untreated 
RHA had 95.7% silica by weight. X-ray diffraction was conducted for both untreated and 
treated rice husk as shown in Figure 2-5. The humps indicated amorphous structure of the 
silica, but at 900°C a sharp peak appeared for the untreated sample, indicating a form of 
silica change from amorphous to uniform crystals. As for treated rice husk, both 
hydrochloric and sulfuric acids yielded similar results at all temperatures; demonstrating 
that the silica structure was not affected by incineration temperature. 
 
Figure 2-5. XRD for Untreated (Left) and Treated (Right) RHA (Abu Bakar et al., 2016) 
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2.3.3 Production of Sodium Silicate Solution 
This section presents the procedure to produce sodium silicate solution from rice husk 
ash. Although non-bio sodium silicate solutions are abundant in the market, the 
procedures to obtain them are not disclosed and therefore, it is necessary to conduct a 
literature review in order to understand the chemistry behind the production of bio-
mediated sodium silicate solution. Papers investigating the chemistry of bio-sodium 
silicate solution include the work done by Foletto et al (2006) and Sousa et al. (2009). 
Foletto et al. (2006) investigated the preparation of sodium silicate solution using 
commercialized ash obtained from a local industry in Brazil. The percentage of silica in 
the non-bio sodium silicate solution was 94.4% by weight. Sodium hydroxide (NaOH) 
was also commercialized with a purity > 99%. Foletto et al. tried two types of reaction, 
that included an open incineration system (atmospheric pressure), and a closed system, in 
which the temperature was varied between 100° C and 200° C. 
 
Figure 2-6. Sodium Silicate Production on Different Temperatures (Foletto et al., 2006) 
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Figure 2-6 shows the silica obtained under closed incineration system at different 
temperatures, when water to silica molar ratio was 22, and the sodium hydroxide to silica 
ratio was 2. It showed that the higher the temperature of the stirring plate, the higher the 
silica content in the solution. The authors indicated that burning the washed rice husk at a 
temperature of 1000°C will result a higher content of cristobalite silica; burning between 
the ranges of 450° C to 700°C will result in a higher content of amorphous silica with a 
less percentage of cristobalite content. X-ray diffraction was performed under closed 
system and the results are presented in Figure 2-7. Figure 2-7 shows the XRD results for 
the ash obtained from burning rice husk, and the residue obtained from producing sodium 
silicate solution at 100°C and 200°C. The sharp peaks represent the presence of 
cristobalite, a crystallized form of silica.  
 
Figure 2-7. XRD on RHA and Residue at 100oC and 200oC (Foletto et al., 2006) 
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Another study was conducted by Sousa et al. (2009), where the rice husk and the sodium 
hydroxide were commercially obtained. The chemical reaction to obtain sodium silicate 
read as follows: 
 
Where: 
;  
 
 
 
The studies were conducted at a reaction time to produce the solution of five hours, 
stirring rate equal to 500rpm, silica concentration of 1.7, in a water volume of 750mL. 
Different concentrations of sodium hydroxide (0.8, 1.2, and 1.6 mol/l) were used as well 
as different temperature rates. The authors observed that the increment of temperature 
and molar concentration of sodium hydroxide increased the silica content. 
2.3.4 Silica Gel Formation 
This section presents a summary of the previous work published on silica gel obtained 
from sodium silica solution. Few studies that investigated the silica gel procedure and 
properties as well as the gelation time are presented herein. 
Iler (1979) in his Chemistry of Silica book explains the polymerization of gel, which 
begins as sodium silicate solution ( pH is lowered by the addition of an acid. 
When the acid is hydrochloric acid ( , silicic acid (  and sodium chloride 
salt (  ) will be formed, as follows: 
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Silicic acid is an aqueous solution that can be called soluble silica. It is also known as 
monomeric acid, which means the molecules react with similar molecules to build a chain 
by polymerization. Silicic acid, also known as a weak acid, appears at the beginning of 
the mixing and precedes the gel formation in the form of silica (SiO2). As discussed 
above, the solubility of amorphous silica is higher than the solubility of crystalline silica; 
so amorphous silica is favored to produce gel (Iler 1979). Iler described the effect of pH 
on gelling time. He indicated that solutions with pH values between 1 and 3 take longer 
time to gel than solutions at pH values between 3 and 5. This is because at low pH, the 
gel molecules are more stable than the particles between 3 and 5. Solution with pHs 
between 7 and 9 gels faster but the gel is very weak. Iler also noticed that different acid 
molarity and silica percentage would give different gel time. 
Merrill et al. (1950) studied the gelation time of commercial sodium silicate with 
different types of acid and different silica concentrations. Results suggested that for the 
same pH, gelation time was different for different silica concentrations. The authors also 
observed that sodium silicate gels faster when mixed with hydrochloric acid (HCl) than 
when mixed with sulfuric acid (H2SO4). Furthermore, Merrill et al. found that gelation 
was faster when acid was added to sodium silicate, than adding sodium silicate to the 
acid.  
Another study by Pinheiro et al. (2011) investigated the silica gel production by using 
sodium silicate mixed with hydrochloric acid. They explained that at the beginning of the 
reaction, silicic acid appears. Then particles extend to polymerize the mixture and create 
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silica gel. The study showed that the solution at a pH of 2, gelified instantly for 1 molar 
of sodium hydroxide (NaOH), and gelified slower when using 2 molar of sodium 
hydroxide (2MNaOH). At a pH of 3, the solution gelled in three minutes when using 1 
and 2 molar of sodium hydroxide (NaOH).  
Studies on silica gel properties were also conducted by Tognonvi et al. (2011). 
Commercial sodium silicate solution from a non-bio source was used and the silica 
concentration used was 7.01mol/L. Different types of gel were produced by varying 
concentration of silicon, pH value, and chlorine (Cl) concentration. Tongnonvi concluded 
that for solutions with pH between 10.90 and 11.25, and Silica concentration between 
4.14 and 6 mol/L, the gel produced was weak and could be broken up by diluting in 
water. For solutions with pH between 10.59 and 10.90, and initial silica concentration 
between 2.9 and 4.14 mol/L, white gel appeared, and the gel condensed within the time 
and silica and sodium would float above the gel. The solid above the gel can be breaking 
up by diluting in water. Finally, for solutions with pH between 9 and 10.75, and initial 
silicon concentration between 0.2 and 2.9mol/L, white gel formed and cannot be broke up 
by diluting into water, but the gelation time was longer. 
Hamouda and Akhlaghi Amiri (2014) explained that sodium silica solution at higher 
levels of pH, the particles will be negatively charged and will not be stable; whereas the 
reduction of pH by adding acid with salt will produce oligomers. Oligomers is a polymer 
with few repeating units, or molecules. Then the gel condenses by polymerization and 
create larger particles. According to Hamouda and Akhlaghi Amiri’s paper, the 
polymerization rate of sodium silicate is affected by the pH, silicate concentration, 
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temperature, and concentration of the divalent cations. The acidic gel is stronger than 
alkaline gel since silicic acid will form dimer, which means molecules that are identical 
are linked together, and produce acidic gel. However, gelation time for acidic gel is 
longer. The sodium silicate used was from a non-bio source, with 35.7% sodium silicate 
by weight in the solution and a molar ratio of 3.35. The gelation time would vary if the 
sodium-silicate content is changing while the pH is fixed. Also, the temperature found to 
accelerate the gelation by increasing the temperature and the solubility of silica increases 
causing a reduction in pH. Hamouda and Akhlaghi Amiri concluded that gel time and gel 
strength would be effective parameters for decreasing the permeability in reservoirs at 
greater depths.  
2.4 Methodology 
The procedure followed to identify critical parameters in the production of silica gel is 
the product of an ongoing effort to optimize the production of sodium silica solution, 
which will allow obtaining the most cost effective and energy saving procedures for soil 
treatment. The methodology followed for the characterization of silica solution extracted 
from rice husk for soil improvement is shown in Figure 2-8. 
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Figure 2-8. Silica Solution Extracted from Rice Husk Methodology 
Of those parameters depicted in Figure 2-8, two parameters are studied in detail as part of 
this study: 1) the effect of the temperature on the rice husk solubility; and 2) the effect of 
pH on the gelation time. In addition, the rice husk ash and silica gel were characterized at 
the micro-scale level by X-ray Diffraction (XRD), X-ray Fluorescence (XRF) and Scan 
Electron Microscope (SEM) techniques. Details and results are presented in the following 
sections.  
2.5 Silica Extraction from Rice Husk 
For this study, the rice husk was purchased from Nature’s Seeds Company. The 
extraction process involved three main steps: acid leaching, incineration, and digestion. 
The acid leaching step allows the removal of metal impurities and the breakdown of 
organic compounds to aid in the combustion of the husks (Chakraverty and Shaik, 1991). 
The rice husks were soaked in 1.5 M HCl at a ratio of 1 gm of husk per 20 milliliters of 
acid and stirred at 400 rpm at room temperature for 20 minutes. After the acid-washed 
procedure was concluded, the husks were completely air-dried and incinerated at 600°C 
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in a muffle furnace for two hours to produce RHA. The ash was cooled down at room 
temperature and added to a 1 M NaOH solution at a ratio of 1 g of husk per 15 ml of 
base, and stirred for 1 hour at 60 °C. Afterwards, the suspension was centrifuged at 1500 
rpm for 10 minutes, and the undissolved particles were discarded. The sodium silicate 
solution extracted will also be referred to as silica extract or silica solution or in this 
study.  
2.5.1 Silica Ash Characterization 
X-ray fluorescence (XRF) technique was used to determine the elemental composition of 
RHA while X-Ray powder diffraction (XRD) with Co-Kα radiation was applied to 
evaluate the crystallinity of silica in the RHA. Also, light microscopy and scanning 
electron microscopy (SEM) were used to visualize the microstructure of the ash.  
Table 2-2 and Figure 2-9 shows the components of silica ash obtained. The silica content 
obtained was 95.11%. Al2O3 metal concentration of 2.53% was the highest percentage of 
the other compounds found and only traces of other impurities were registered.  
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Table 2-2 XRF Results - Silica Ash Elements and Oxide Elements 
Element Concentration Oxide Concentration 
Mg 0.35% MgO 0.33% 
Al 2.42% Al2O3 2.53% 
Si 93.67% SiO2 95.11% 
P 1.01% P2O5 0.72% 
S 0.36% SO3 0.27% 
Cl 0.26% Cl 0.08% 
K 0.46% K2O 0.19% 
Ca 0.35% CaO 0.18% 
Cr 0.22% Cr2O3 0.12% 
Mn 0.18% MnO 0.09% 
Fe 0.58% Fe2O3 0.31% 
Cu 0.11% CuO 0.05% 
Pb 0.04% PbO 0.02% 
 
95.1%
2.5% 2.4% SiO2
Al2O3
Others
 
Figure 2-9. Silica Ash Oxide Elements 
The mentioned procedure produced silica content close to what other researchers 
obtained. Table 2-3 presents a comparison of the procedures for obtaining silica ash 
reported by different researchers. It can be seen that the duration of acid-leaching was 
less than the mentioned authors. Also, most of the studies used 1M of hydrochloric acid 
except for Abu Bakar et al. that used 0.5M of hydrochloric acid. The acid washing 
duration reported by Yalçin, and Sevinç, and Matori et al. was 2 hours, whereas Rivas et 
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al. washed for 16 hours and Abu Bakar et al. washed for 30 minutes. The temperature and 
time of combustion was 600ºC and 2 hours, respectively and was similar to the procedure 
reported by Abu Bakar et al. Both Yalçin, and Sevinç, Ghorbani et al. combusted rice 
husk for longer times, and obtained 99.16%, 95.55% ash content, respectively; while 
Matori et al. and Rivas et al. combusted for 3 hours and produced 94.64%, and 96.46% 
silica content, respectively. Only Rivas et al. and this study did not rinse the rice husk 
with water prior to the acid pre-wash procedure. However, results from this study 
produced comparable silica content to Matori et al., Ghorbani et al, and Rivas et al. with 
less duration of acid washing and combustion. Hence, less energy was used to produce 
95.11% of silica ash.  
 
Table 2-3 Ash Content Comparison 
Reference Acid 
Molarity 
Acid-wash 
Duration 
Calcination 
Temp. and Time 
Silica Content 
(%) 
Yalçin, and Sevinç 
(2001)1 
1M HCl 2 hours 600ºC for 4 hours 99.16 
Matori et al. (2009)2 1M HCl 2 hours 500ºC for 1 hour 
followed by 
800ºC for 2 hours 
94.64 
Ghorbani et al. 
(2015)3 
1M HCl - 600ºC for 6 hours 95.55 
Abu Bakar et al. 
(2015)4 
0.5M HCl 30 minutes 600ºC for 2 hours 99.58 
Rivas et al. (2016)5 1M HCl 16 hours 650ºC for 3 hours 96.94 
Silica Project at 
ASU5 
1.5M HCl 20 minutes 600ºC for 2 hours 95.11 
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1 Rice husk was pre-treated with water to remove impurities and then oven-dry for 24 
hours 
2 Rice husk was washed with distilled water to remove impurities and then oven-dry for 
16 hours. 
3 Rice husk was washed with tap water to remove impurities and then oven-dry for 24 
hours. 
4 Rice husk was washed with sodium dodecyl sulfate for 10 minutes to remove impurities 
and then rinse with water. Rice husk was oven-dry for 24 hours. 
5 No rinse with water was performed 
The X-ray diffraction (XRD) testing was conducted with an XRD Commander with 2θ 
ranging between 5º and 90º and the results were analyzed with DIFFRAC. The XRD 
pattern of silica ash showed a hump between 22º to 30º with intensity between 100 – 150. 
This is an indication of the amorphous form of the silica ash obtained from our 
procedure. Also, the intensity value of the line is low and there are no sharp peaks 
indicating that no crystallization of the silica was achieved. Therefore, the procedure 
optimizes the silica ash needed for soil treatment in the absent of silica crystals. 
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Figure 2-10. XRD Pattern of Silica Ash 
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Light microscopy and SEM images were taken to observe the structure of the silica ash. 
The magnification of the light microscopy was 2.1 under a calibration of 35x. In Figure 
2-11, It can be seen the amorphous structure of the silica ash and few black spots. The 
black spots might represent either impurities or silica that did not get enough oxygen to 
form white silica ash. In the light microscopy of the ash, there is no appearance of 
crystallize materials such as cristobalite or quartz, and hence, the temperature of 
treatment seems to be adequate. 
 
Figure 2-11. A Light Microscopy Image of the Silica Ash 
A SEM image was taken under a magnification of 65x as shown in Figure 2-12. The 
scale shown in the figure is from 0 to 500μm. The particles of the silica ash are irregular 
and no crystals in the silica ash in form of cristobalites or quartz are observed. Therefore, 
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light microscopy and SEM images corroborates the amorphous structure of the silica ash 
produced.  
 
 
Figure 2-12. SEM of Silica Ash 
2.5.2 Effect of Temperature on the Solubility of the Rice Husk Ash 
An important factor in this procedure is the temperature used in the dissolution of ash 
into the sodium solution, as it affects the solubility of silica. The temperature at which the 
solution is obtained varies widely among authors consulted in the literature. For this 
reason, a study was conducted to find the temperature at which the silica solubility would 
be optimal. 
For this purpose, the temperature of the solution was varied between 45ºC and 90ºC. The 
sodium silicate solution concentration was 1M and the total volume used was 500mL. 
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The total amount of silica ash used was 33.3g. The solution was centrifuged twice, and 
the residue obtained oven-dried for 24 hours and weighted to calculate the amount of ash 
dissolved at different temperatures. As shown in Figure 2-13, it appears that the higher 
the solution temperature, the higher the solubility of the silica, as measured by the 
amount of residue. The determination coefficient (R2) is equal to 0.68, which denotes 
some uncertainty in the results. Also, it can be observed that for temperatures between 
59.8ºC and 90ºC, the amount of ash dissolved was similar and about 96.3% in average. 
But at lower temperatures, the amount of ash dissolved decreased, indicating a higher 
amount of residue as the temperature decreased. 
It is to be noted that this residue found might be composed not only of impurities but also 
of insoluble silica. Moreover, the silica is not the only compound that dissolves at high 
temperatures. Therefore, based on these conclusions and the uncertainty observed in the 
results, XRF analysis was conducted in order to find the amount of soluble silica in the 
solutions.  
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Figure 2-13. Solution Temperature vs. Ash Dissolved 
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The solutions analyzed were obtained at 45ºC, 60ºC, and 90ºC and the results are 
presented in Tables 2-4 to 2-6 and summarized in Figure 2-14. 
Table 2-4 XRF of Silica Solution at 45ºC 
Element Concentration Oxide Concentration 
Si 68.26% SiO2 73.98% 
Na 17.17% Na2O 15.02% 
Impurities 14.57% Impurities 11.01% 
 
Table 2-5 XRF of Silica Solution at 60ºC 
Element Concentration Oxide Concentration 
Si 70.31% SiO2 74.31 % 
Na 15.14% Na2O 12.85% 
Impurities 16.46% Impurities 12.85% 
 
Table 2-6 XRF of Silica Solution at 90ºC 
Element Concentration Oxide Concentration 
Si 68.26% SiO2 75.91% 
Na 17.17% Na2O 13.40% 
Impurities 14.55% Impurities 10.69% 
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Figure 2-14. XRF for all Silica Solution Samples 
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As shown in the Tables 2-4, 2-5, and 2-6, and Figure 2-14, there was no significant 
difference in the silica content, sodium oxide or impurities obtained for the three samples. 
In contrast to the residual experiment results, the XRF results did not show a variation in 
silica content indicating that the solution was saturated with silica from the amount of ash 
used. In other words, the amount of rice husk ash used was higher than needed to saturate 
the solution. Therefore, the saturation point of silica ash was reached even when a 
temperature of 45ºC was used. Based on the results obtained, a temperature of 60ºC was 
used in the production of sodium silicate solution for soil treatment. More studies are 
needed to optimize the amount of ash to be added to the solution and avoid undissolved 
silica in the product.  
2.6 Test Tube Experiments on Silica Gelification 
Test tube experiments were conducted to verify the formation of silica gel through 
acidification of silica solution and to estimate the gelation time. For this purpose, 
different amounts of 4 M HCl were added into 50-mL test tubes containing 29-35 mL 
silica solution (pH ≈12). The pH of the solution in each tube was recorded immediately 
after adding the acid and the gelation time of the solution in each tube was visually 
assessed. The gelation time was considered as the point when the solution did not flow 
when the tube was tilted. The duration between the time when HCl was added into the 
solution and the time at which the gelation occurred was defined as gelation time. In 
addition, changes in characteristics of the silica gel were visually monitored under two 
conditions: a) when the gel was exposed to air, and b) by soaking the gel into deionized 
(DI) water. Moreover, the effect of soil on the gelation time was observed based on 
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ASTM D4972 - Standard Test Methods for pH of Soils. For this purpose, a 50-mL tube 
was filled with Ottawa 20-30 sand and silica gel solution was poured into the tube, and 
the tube was shaking until the sand settled. The pH of the solution was recorded 
immediately after the settlement of the sand particles and recorded as an initial pH, and 
the gelation of the solution was visually observed. Results are presented below. 
2.6.1 Effect of pH on Gelation Time 
The initial pH of the sodium silicate solution was controlled by adding hydrochloric acid 
(HCl) to 35mL of silica solution. Other parameters that are reported to affect gelation 
time, such as acid molarity, acid type, temperature and silica concentration, were kept 
constant. A high volume of sodium silicate solution was used to better control the pH. 
The pH ranged between 1 and 4.5. The results are presented in Figure 2-15. 
y = -0.70ln(x) + 5.05
R² = 0.96
1
1.5
2
2.5
3
3.5
4
4.5
5
0 50 100 150 200 250
p
H
Gelation Time (hr)
 
Figure 2-15. Gelation Time vs. Solution pH  
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In Figure 2-15, the round orange symbols represent the initial pH of the solution and its 
corresponding gelation time. Gelation time was assessed visually and by tilting the tube 
for consistency check. As shown in this figure, the gelation time of the silica gel 
increases as the pH of the silica decreases. This behavior is similar to that reported in the 
literature (Iler, 1979). As explained by Iler (1979), the silicic acid compounds settled 
faster at higher pH, and therefore, the polymerization will occur faster. The equation that 
explains the gelation time (tg) as a function of pH reads as follows: 
 
The coefficient of determination of this relationship was found to be R2 = 0.96, which 
represents a strong correlation considering that the gelation time was visually spotted by 
the naked eye. Table 2-7 presents the gelation times obtained at different pH ranges. As 
shown in this table and by the squared red symbols in Figure 2-15, the gelation time 
ranged between 210 hours for the 1.0 ≤ pH < 1.5 range to about 3 hours for the 4.0 ≤ pH 
< 4.5 range. Any solution tested at pH values higher than 4.5 gelled immediately.  
Table 2-7 Gelation Time at Different Solution pH Ranges 
pH Range pH 
Average 
Gelation Time 
Average (hours) 
1.0 ≤ pH < 1.5 1.3 ± 0.08 210.8 ± 4.17 
1.5 ≤ pH < 2.0 1.8 ± 0.14 103.1 ± 5.50 
2.0 ≤ pH < 2.5 2.3 ± 0.14 50.5 ± 2.33 
2.5 ≤ pH < 3.0 2.9 ± 0.12 21.4 ± 0.47 
3.0 ≤ pH < 3.5 3.3 ± 0.12 12.1 ± 3.88 
3.5 ≤ pH < 4.0 3.7 ± 0.13 6.8 ± 4.02 
4.0 ≤ pH < 4.5 4.2 ±0.19 3.3 ± 0.62 
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2.6.2 Effect of the Soil on Gelation Time 
The effect of the presence of soil on the gelation time was studied. The ratio between the 
mass of the soil and the volume of the solution (mass 1:1 volume) is based on ASTM 
D4972 - Standard Test Methods for pH of Soils. The gelation time was controlled by the 
pH of the solution. The Ottawa 20-30 sand pH was found to be 4.0.  
y = 4.19e0.00x
R² = 0.97
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Figure 2-16. Gelation time vs. pH of the Soil/Gel Mix 
In Figure 2-16, the orange dots indicate the gelation time observed at the initial pH value 
of the silica solution. The average values of gelation time at different pH ranges, are 
shown in Table 2-8. 
Table 2-8 Gelation Time of Solution with Soil at Different pH Ranges 
pH Range pH Average Gelation Time Average (hours) 
1.5 ≤ pH < 2.5 1.9 ± 0.12 196 ± 11 
2.5 ≤ pH < 3.0 2.7 ± 0.12 108 ± 20 
3.0 ≤ pH < 3.5  3.2 ± .08 66 ± 4 
 
In the present of sand, the gelation time increases as the pH of the solution decreases. The 
R2 of the fitting line through the data was 0.97 despite the visualization method used to 
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assess the gelation time. Most important, the gelation time was higher when comparing 
with that observed for the sodium silicate solution alone. The gelation time when sand is 
present (tgs) as a function of pH can be found by: 
 
This equation is limited to pH < 4.15. For pH > 4.15, tgs = 0  
y = 73.619ln(x) - 126.47
R² = 0.9931
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Figure 2-17. Comparison Between Gelation Time of the SSS Versus SSS + Soil 
In Figure 2-17, the gelation time of silica solution without soil is lower than the gelation 
time of silica solution with soil, at all solution pH values. The difference in percentage 
between the gelation time in the present of soil and without soil is shown in Table 2-9. 
Table 2-9 Comparison of Gelation Time 
pH 
Range 
Gelation Time without Soil 
(hours) 
Gelation Time with Soil 
(hours) 
Difference 
(%) 
1.5 – 2.5 77.5 183.5 137% 
2.5 – 3.0 26.5 103.9 292% 
3.0 – 3.5 13.0 62.1 379% 
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It can be seen that the difference is very high. For a pH range of 3.0 – 3.5, the difference 
is almost four times of the gelation time without soil. The difference decreases at lower 
pH ranges, but it is more impactful for our application, as the time dramatically increases. 
In conclusion, the presence of sand affects the gelation time by delaying the 
polymerization rate. The pH of the sand seems to be a factor affecting the reaction time; 
however, more factors must be considered in future analysis.  
2.7 Micro-scale Studies on Sodium Silicate Solution and Silica Gel 
X-ray fluorescence (XRF) technique was used to determine the elemental composition of 
the silica solution. X-Ray powder diffraction (XRD) with Co-Kα radiation was applied to 
evaluate the dehydrated silica gel after air drying. Light microscopy and scanning 
electron microscopy (SEM) were used to visualize the microstructure of the gel and the 
treated soil. Prior to SEM, the samples were sputter coated with Au/Pd. 
The gel produced tended to be of yellowish color due to the lower pH of the silica gel. 
When silica gel formed and was then exposed to air, silica gel cracked due to 
evaporation. Four different compounds were observed after the gel was exposed to air: 
dry gel (also call glass-like material), salt, silica, and water. The dehydrated silica gel can 
be seen in Figure 2-18. The glass-like material was hard in consistency, as shown in 
Figure 2-19. Silica particles readily dissolved in water but because of the evaporation, 
some of the silica did not react with hydrochloric acid resulting in white silica residue 
with no bondings. The reaction during the production of silica gel also produces sodium 
chloride (NaCl) salt that is soluble in water. When silica gel evaporates, some water 
remains which will eventually evaporate. 
40 
 
 
                      a)                                                        b) 
Figure 2-18. Dehydration of Silica Gel: a) Sodium Silica Solution, b) Dehydrated Gel 
The glass-like material is hard in consistency, as shown in Figure 2-19. 
 
Figure 2-19. Collected Glass-like Material 
A light microscopy and SEM images were taken for glass-like material, salt, silica, and 
wet silica gel. Wet silica gel was only taken under light microscopy because SEM images 
are not possible for wet samples. Light microscopy images with a magnification of 8x 
and a calibration of 8x are shown in Figure 2-20 
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Figure 2-20. Light Microscopy Images of Gel, Glass-like Material, and Salt 
The left image shows the wet silica gel which does not show any glass-like material or 
salt. That is because it was not exposed to air; however, the silica gel is in amourphous 
form as the structure is irregular shape. In the middle image is glass-like material which 
produced when silica gel is subjcted to air. The dry silica gel grain is comparable to sand 
grain used in this study. In the right image is salt and silica which did not react. It can be 
seen some impurities which are black dots in both glass-like material and salt and silica 
images. The impurtires are the sediments that did not discarded when centrifuging the 
silica solution because of the small size of the impurities. For SEM images, the 
magnification was 60x and the scale is from 0 to 1mm.  
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Figure 2-21. SEM of Glass-like Material 
In Figure 2-21, the glass-like material is similar to a sand grain with the silica gel coating 
and cracks in the glass-like material developed due to the drying process needed to take 
the SEM image and the silica particles in the glass-like material are of irregular shapes. 
As shown in the figure, the arrows are pointing at the salt attached to the glass-like 
material, gel coating on the glass-like material, and cracks due to evaporation. Also, some 
salt can be noticed in glass-like material. Figure 2-22 representaing the soluble salt with 
unreacted silica. 
 
 
Cracks 
Gel Coating 
Salt 
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Figure 2-22. SEM of Soluble Salt and Silica 
In order to investigate the amorphous form of silica gel, XRD experiments were done for 
dry silica gel with salt dry silica gel without salt. 
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Figure 2-23. XRD of Dry Silica Gel and Salt 
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In Figure 2-23, the peak shoulder from 22º to 30º indicates the amorphous structure of the 
dry silica gel. The peaks at 37º, 54º, 67º, and 79º are denotations of halite which are salt. 
The glass-like material can be pure without salt by filtering the grains with water and 
filter paper. The dry silica gel (glass-like material) does not have crystals silica, which is 
suitable for soil treatment as it can be seen in Figure 2-24. The peak with low intensity 
was between 22º to 30º, which is amorphous definition of silica form.  
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Figure 2-24: XRD of Dry Silica Gel 
No crystals present in the graph denoting the silica extraction procedure and the form of 
silica gel is suitable for soil treatment. To test the stability of the gel, gel was produced in 
a tube and then soaked into colored water for 1 month.  
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Figure 2-25. Gel Soaked in Water 
In Figure 2-25, the gel is whitish cloud into yellow water as the red arrows are pointing 
to. In the left picture is the gel right after soaked in water. In the middle picture is the gel 
after one week soaked in water which did not dissolve and remained gel. In the right 
picture is the gel after one month soaked in water and the silica gel still remained gel and 
did not dissolve indicating the feasibility of the treatment underneath water. That gave a 
motivation to treat the soil wet treatment and underneath water. 
2.8 Preliminary Characterization of Sand Treated with Silica Gel 
Preliminary results of the treatment on the shear strength and hydraulic conductivity of 
Ottawa 20-30 sand are presented below. The percolation method was used to produce 
both direct shear and hydraulic conductivity samples. Two curing times were considered: 
7-day and 14-day.  Curing time refers to the time between the percolation of the specimen 
and the testing time. The solution used for treatment was at pH = 3.5 to 2.9.   
Direct shear testing was performed at three levels of confinement: 50 kPa, 100kPa and 
200kPa. The results for the 7-day treated samples and the untreated samples are shown in 
Figure 2-26. 
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Figure 2-26. Shear Strength Comparison Between Treated and Untreated Sand 
Results for the 7-day treated soil showed a cohesion intercept indicating the gel is 
working on enhancing the soil; and therefore, the shear strength of 7-day treated 
specimens was higher than that measured on untreated dry specimens. The shear strength 
of the treated sand improved by 48% average when compared to the strength of the dry 
sand. The shear strength behavior of the treated sand after 14 days of curing time was 
also assessed and details are presented elsewhere. The second test performed to 
characterize the treated material was the saturated hydraulic conductivity. The sample 
was treated with percolation method and then permeability device was used to calculate 
the hydraulic conductivity. Figure 2-27 presents the hydraulic conductivity results 
obtained for the treated and untreated specimens. 
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Figure 2-27. Hydraulic Conductivity Comparison Between Treated and Untreated Sand 
In Figure 2-27, the 7-day treated sample showed a reduction in hydraulic conductivity of 
5 orders of magnitude, from 10-3 m/s (sand-like material) to 10-8 m/s (clay-like material). 
The reduction of the hydraulic conductivity with the silica gel treatment opens a new set 
of important applications in geotechnical engineering, including liquefaction mitigation 
and containment barriers. 
2.9 Conclusions 
Silica extracted from rice husk was characterized throughout the main experiments used 
in this chapter. The procedure of extracting silica ash by acid-leaching with 1.5M HCl 
and burning under 600ºC for 2 hours produced an amorphous structure of silica ash with 
a high amount of silica content, as shown by the XRD and XRD results. This finding was 
confirmed by SEM images.  
Higher quantities of RHA were dissolved when the solution was done at higher 
temperatures, as measured for the residue left after the process was completed. However, 
the XRF results showed about the same silica content on the sodium silicate solution 
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when dissolved at different temperatures, indicating that the saturation point was reached 
when measured at 45ºC, 60ºC, and 90ºC; and that other minerals dissolution also 
increases with temperature.  
The gelation time of the silica gel increased as the pH of the silica decreased.  When the 
gelation time was measured in the soil/gel mixture, the presence of sand affects the 
gelation time by delaying the polymerization rate and hence, increasing the gelation time. 
The pH of the sand seems to be a factor affecting the reaction time; however, more 
factors must be considered in future analysis. 
A preliminary study was conducted to study the mechanical characteristics of the treated 
soil. Preliminary results show an increase in shear strength and a reduction of the 
hydraulic conductivity of treated Ottawa 20-30 specimens. These results are encouraging 
and more studies are underway to assess the effect of several parameters affecting the 
behavior of the treated material. 
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CHAPTER 3 
MECHANICAL BEHAVIOR OF TREATED SOIL 
3.1 Abstract 
The chemical grouting including silica grouting is becoming popular in the research field 
and ground improvement market. Silica grouting was proven to improve the sand 
mechanical behavior using commercialized sodium silicate. This study is using a bio-
extracted silica from rice husk to produce a bio-based sodium silicate solution. Different 
treatment methods used and percolation method was feasible for both direct shear and 
hydraulic conductivity specimens whereas mix-and-compact was only effective for 
hydraulic conductivity. The improvement in the shear strength by an average of 50% and 
reduction in the permeability by five orders of magnitude of a treated granular material at 
bench scale. The durability tests of the treatment successfully yielded a strong sample 
which improved the shear strength of the sand.  
3.2 Introduction 
Chemical grouting (a.k.a. permeation grouting) is one of the common ground 
improvement techniques in which a low viscosity non-particulate chemical solution is 
permeated into pore spaces in granular soil to create a hard mass (Karol, 2003). Chemical 
grouts are liquid-based that are different from cementitious grouts (Garshol, 2007). The 
ideal chemical grout material includes a stable (at all anticipated storage conditions), 
nontoxic, noncorrosive, nonexplosive powder that is easily soluble in water. The grout 
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solution should be of low viscosity, stable at all normal temperature, controllable for 
gelation time, made of inexpensive chemicals, able to resist appreciable dilution with 
groundwater, insensitive to salts normally found in groundwater, and nontoxic solution 
(Karol, 2003). Chemical grouting can be used to increase the strength of fine-grained 
materials which cannot be treated by regular grouting, and for the control of water in 
mine shafts, tunnels, trenches, and other excavations (Guyer, 2009). Commonly used 
solution grouts are sodium silicate, urethane, acrylate, and acrylamide (USACE, 2017). 
Sodium silicate has been used for structural or water control application (USAC, 2017). 
The main advantage of silicate grouts is the low cost and the low viscosity (Garshol, 
2007). As explained in the previous chapter, the silicate grouts that are available in the 
market are usually obtained from a very energy-intensive process of fusing sand in an 
alkali. This chapter studies the mechanical properties of sand treated with sodium silicate 
solution obtained from a plant source, i.e. rice husk. 
3.3 Background 
3.3.1 Silica Grouting 
Several studies showed the ability of sodium silicate solution to stabilize granular soil. 
However, no study was found addressing use of a plant-based sodium silicate solution for 
soil stabilization. Silicate solution has been also used in colloidal form or in combination 
with other chemical for soil improvement.  
Ata and Vipulanandan (1999) also investigated the behavior of sodium silicate grouting 
on sands. Their grout mixture contained 50% commercial sodium silicate, 40% water, 
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and 10% reagent (composed of 50% ethyl acetate (CH3COOC2H5), and 50% formamide 
(HCONH2)). Sodium silicate solution was a commercialized, non-bio product. Different 
types of sand were used and with different grain size as lime sand was used too. The 
treatment was to heat the sand and fill the sand to a split mold and inject the silica 
grouting to the mold under a constant pressure to avoid sand compaction. The results 
showed a strength improvement, 600% and 700% increase for the treated specimens 
cured at 7 and 28 days, respectively. They also observed a higher compressive strength in 
the sand with a higher coefficient of uniformity and when a higher confining pressure 
was applied. An observation noted by these investigators is that the inter-particle bonds in 
the sand treated with sodium silicate solution were de-bonded whereas the inter-particle 
bonds in the sand treated with the mixture of lime and sodium silicate were intact.   
Gonzales and Vipulanandan (2007) reported use of sodium silicate with dimethyl ester 
(DME) for strengthening a sand. The highest strength was with grouted sand with 7% of 
DME that was treated for 7 days. These investigators reported an average peak strength 
of around 1497 kPa ranged at axial strain of 0.4% to 2% indicating a brittle behavior of 
sodium silicate- organic reactant grouted sands. 
Hassanlourad et al. (2011) studied the behavior of sodium silicate as a chemical grout 
that was used with two additives; formamide (HCON2) as reactant to produce gel, and 
sodium aluminum (NaAlO2) as an accelerator for the chemical reaction. Three types of 
sand were used and different ratios of sodium silicate solution to additives were applied. 
The specimens were cured for 28 days. These researchers reported a higher increase in 
strength by increasing the ratio of sodium silicate to additives. The level of improvement 
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was not mentioned but all the three-sand showed effective cohesion improvement 
meaning the gel is formed strong in the pores of sand. 
Moradi and Seyedi (2015) used colloidal nano silica to improve soil strength 
characteristics in order to mitigates its potential to liquefaction. In this study, a 
commercial colloidal silica was diluted to 4.5% (w/v) and mixed with hydrochloric acid 
(6NHCl) and sodium chloride (NaCl) in order to obtain gel at a pH of 6 that will gelify in 
one to two days. The treated a sand with different amount of silts (varied between 0-30%) 
for a curing period of 6 weeks. These researchers reported the highest unconfined 
compressive strength of 60kPa for the specimen of 10% slit.  
Mollamahmutoğlu et al. (2017) used silica grout with boric acid (BH3O3) to improve 
mechanical behavior of sand with different fine content. Different ratio of sodium silicate 
to boric acid was used.  The specimens were cured for 7 to 150 days. Unconfined 
compressive strength of the treated specimens was tested under wet and dry condition It 
was reported that the solution with less sodium silicate content and higher amount of 
boric acid gelled faster than higher amount of sodium silicate and less amount of boric 
acid. The wet samples with higher amount of boric acid was demonstrated to have a 
higher unconfined compressive strength after 7 days, after which the strength started to 
decrease due to syneresis in the silica gel. An increase in unconfined compressive 
strength at higher relative density and less amount fine content was also observed. In dry 
samples, the highest strength was observed at 14 and 21 days curing. Strength of the dry 
specimens with less than 80% fine increased by increasing the fine content. The strength 
dropped at 80% fine content. 
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Rosenfarb and Hackman (1981) used different concertation of sodium silicate to treat a 
soil under saturated condition. Catalyst and accelerator were used to increase the rate of 
the chemical reaction. The specimens were cured for 7 days. The grouting was first by 
saturating the sample with water to ensure the air left the specimen, and then injecting the 
silica grouting from bottom up to the cylinder specimen. The specimen was allowed to 
cure for 24 hours cured for 24 hours and then was taken out from the grouting apparatus 
and stored in moist condition for seven days until testing day. The treated specimens 
were tested using triaxial compression test at confining pressure of unconfined (0kPa), 
and 100kPa. The specimens were improved based on sodium silicate concentration by 
volume percentage. The sodium silicate concentrations used in these experiments were 
30%, 40%, and 45% as volume. The peak strength under unconfined pressure and 30% of 
sodium silicate concentration was 180kPa; for 40% it was 370kPa; and for 45% it was 
700kPa. The peak strength under 100kPa as confined pressure and 30% of sodium silicate 
concentration was 420kPa; for 40% it was 610kPa; and for 45% it was 950kPa. The 
increase of sodium silicate concentration improved the strength of the soil. 
3.3.2: Permeability of Silica Grouted Soil 
Sodium silicate was mixed with glyoxal (C2H2O2) in order to study the permeability of 
silica grouting in terms of sand gradation, relative density, and syneresis (Acvi, 2017). 
Quartz sand was used in this study and five samples were based on fine content. Sodium 
silicate was commercialized product; hence it was mixed with the acid and turned into 
silica gel. The apparatus and grouting procedure were the same as Mollamahmutoglu et 
al. (2017) paper. Three different relative densities were used (30%, 50%, and 70%). Also, 
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four different grouting was studied based on sodium silicate as volume compound. First, 
the gelation time of the grout was decreased when increasing sodium silicate solution 
percentage. Second, the penetration of the grout to the soil was higher when relative 
density is higher. Moreover, highest sodium silicate content0and fine content required 
higher minimum grouting pressure. Third, the permeability of the specimen without 
treatment was decreasing based on relative density and fine content. The higher relative 
density and fine content, the lower the permeability coefficient. Lastly, as for treated 
samples, samples were tested based on curing time. All of the grouting depending on 
sodium silicate record the lowest permeability coefficient was in less curing days. The 
grouting with less sodium silicate content, highest amount of fine content, and highest 
relative density had having the lowest permeability coefficient. However, the highest 
sodium silicate content in the grout scored the second lowest permeability coefficient. On 
the other hand, the more curing time, the higher permeability coefficient increment. Also, 
Mollamahmutoglu et al. (2017) discussed the comparison of ungrouted and grouted soil 
in form of permeability reduction. The materials, procedure, and apparatus were 
described in chapter 2.2 in this document except that the tests were based on ASTM 
D2434-68 for ungrouted soil, and ASTM D5856-95 for grouted soil. Moallamahmutoglu 
concluded that for untreated soil, the permeability coefficient reduces more if relative 
density and fine content increases. For treated specimens, the results were different. The 
lower sodium silicate content and higher acid content (as weight compound), the more 
reduction of permeability coefficient. The higher the relative density, the lower the 
permeability based on the higher fine content in some stages; however, high relative 
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density did report higher permeability coefficient fine content was lower. Curing time for 
7 days was having the lowest permeability coefficient and with the increasing of curing 
time, the permeability coefficient increased. Silica grouting can mitigate liquefaction 
phenomenon as Gallagher et al. (2007) studied the behavior of colloidal silica grouting in 
centrifuge model as well as the flow of colloidal silica grouting in a box model. The 
colloidal silica for centrifuge model was 6% as weight compound and was mixed with 
hydrochloric acid (HCl) to lower the pH of the grout to fast up the gelation time. Sand 
was loose condition with a relative density of 40%. The grout was transfer to the model 
by pressure chamber and the cure duration for the gel after it was mixed and transferred, 
in about 99 hours of transferring and forming a gel, was up to 240 hours from bottom up. 
Results of centrifuge test indicate that the acceleration time of the earthquake at different 
depths was increased until the peak amplitude and no liquefaction happened to the treated 
soil in both first and second shaking events. As for displacement, 30mm (0.3% strain) of 
settlement was what the treated soil undergoes at the center of the mold in the first 
shaking event. In the second shaking event, less than 10mm (0.1% strain) of settlement 
was what the treated soil experienced. The record shear strain was 0.5% and 1.0%. That 
could reduce the liquefaction impact of loose sand. The acceleration was higher in 2 and 
4m below the ground surface. As for the box model, the colloidal silica solution was 
transferred to the model box with a pH of 6.3 and normality of 0.1. Gallagher indicated 
that the all pores of the soil were filled with silica grout as it fills the big voids then the 
small voids. Some of the pores might not cover the pores uniformly but silica will bond 
in between the grains and resist earthquake event. A full-scale experiment was also 
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conducted and studied by Gallagher et al. (2007). Gallagher described that colloidal silica 
can be used as a mitigation for liquefaction phenomenon. The colloidal silica properties 
used in this study was non-bio, commercialized product with 30% silica as weight 
compound. The colloidal silica used in the testing after laboratory work done is 4.75% 
silica by weight. The soil profile in the site consist of layers of sand to silty sand about 
3m, silt and sandy silt about 2m, and followed by loose sand about 10m. The 
groundwater table was at 2.5m and the liquefiable sand is between 5 to 15m below the 
ground. Two tests condition were in the field; untreated, and treated soil and the distance 
between them were 90m. Injection walls were installed as a circle shape and one 
extraction well was installed in the middle of the circle shape walls. The colloidal silica 
grout was changed later on to 7% silica as compound weight to assure the gelation would 
appear and then the treatment layer thickness was reduced. Also, sodium chloride was 
added to the grout to catalyze the grout. The grout was injected in the injection wall and 
the gel later one was firm, strong gel. Then, liquefaction accrued by blasting the treated 
and untreated areas and the blasting method was to install the organic explosives in the 
injection walls. Gallagher concluded that the settlement of liquefiable loose sand was 
reduced by colloidal silica grout. Another conclusion is that the pore water pressure was 
increased in the upper layer of treated zone and lower layer of untreated zone. 
Nevertheless, the deformation resistance was increased in the treated zone. An 
examination of colloidal silica as a grouting material was studied by Persoff et al. (1997) 
as the some of the experiments conducted in this study were hydraulic conductivity of the 
treated sample, contamination effect on grouted sand, and grouted sample immersed into 
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contamination liquids as well as the effect of soil on gelation time. Soil used in this study 
was collected was silica sand called Monterey #0-30 sand. Colloidal silica was a non-bio 
product, commercialized product. Distilled water and sodium chloride (NaCl) were used 
to produce brines and distilled water by itself used for dilation. The acid used in this 
study is hydrochloric acid (HCl). Study broke up into 3 tasks and two testing methods. 
Task one to evaluate the treating without any contamination under five colloidal silica 
content. Task two to evaluate the grouted contaminated soil with two different colloidal 
silica content. Task three to evaluate the grouted soil with two different colloidal silica, 
immersed in contaminants. The two experiments were unconfined compressive strength 
and hydraulic conductivity measurement. Results for task one indicates the higher 
amount of silica concentration results in low compressive strength and higher hydraulic 
conductivity. As lowered the silica content the in the grout, higher compressive strength 
and lower hydraulic conductivity was resulted. Persoff commented “the colloidal 
particles bond not only to each other but also to the silica surface of the sand”, which 
results in higher compressive strength. The results for task two showed the contaminant 
did affect on the compressive strength and hydraulic conductivity. For a lower content of 
silica samples, the unconfined compressive strength was lower than higher content of 
silica samples. Also, hydraulic conductivity for lower content of silica samples was 
higher than the hydraulic conductivity of higher amount of silica samples. Task three 
results showed that immersion for 30 days for lower content of silica specimens was 
scored higher unconfined compressive strength comparing to the samples in task one. 
The higher silica percent samples immersed for 30 days was higher than the lower silica 
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percent samples immersed for 30 days. In the same manner, 90 days immersions showed 
the higher silica percent samples scored higher unconfined compressive strength than 
lower percent samples. 
3.4 Materials and Methods 
3.4.1 Soil 
Ottawa 20-30 sand was used in this study. Figure 3-1 shows the grain size distribution 
curve for this sand. Soil classification parameters, specific gravity, and maximum and 
minimum void ratios of the soil are given in Table 3-1.   
 
Figure 3-1. Ottawa 20-30 Grain Size Distribution  
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Table 3-1 Ottawa 20-30 Classifications 
Soil Ottawa 20-30 
D10 0.63 
D30 0.7 
D50 0.73 
D60 0.77 
Cu 1.22 
Cc 1.01 
Gs 2.65 
emin 0.5 
emax 0.74 
Soil Classification (USCS) SP 
 
3.4.2 Soil Treatment Methods 
Two soil treatment methods were evaluated to find the suitable treatment method for soil 
stabilization, percolation; and mix-and-compact (gel mixing).  
In percolation, the sodium silicate solution with an adjusted pH of 2.9-3.5 was percolated 
into a ring of sand placed in a bowl (see Figure 3-2). Hight and inner diameter of the ring 
were 2.5cm and 6.1 cm, respectively. The ring contained 108.9 g dry sand with dry 
density and relative density of 1.49 g/cm3 and 25%, respectively. The amount of sodium 
silicate solution percolated into each specimen was more than one pore volume to ensure 
that the pores are filled with the solution. After the percolation, the specimens were kept 
at room temperature until the gelation occurred in the soil. During this time, the bowl was 
covered to prevent evaporation. After the gelation occurred, the soil specimen was gently 
extruded from the ring, and then cured under covered condition (in a Ziplock bag) for 7 
days and 14 days at room temperature. In order to facilitate the extrusion and prevent 
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corrosion of the ring, petroleum jelly was applied to the rings prior to pouring the soil in 
it. 
 
Figure 3-2. Percolation Method 
In mix-and-compact, the soil was first mixed with a silica gel obtained from sodium 
silicate solution with an adjusted pH of 2.9-3.5, and then gently compacted into the same 
direct shear ring described above (See Figure 3-3). 108.9g soil and 40 g silica gel were 
used for each specimen. The mass of soil was selected to achieve the same relative 
density as for percolation specimens (i.e. 25%). The amount of silica gel was equivalent 
to one pore volume silicate solution. After compacting the mixture into ring, the 
specimens were covered in a Ziplock bag and cured for 7 and 14 days at room 
temperature. The specimens were extruded from the ring after the curing was complete. 
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Figure 3-3. Mix and Compact Method 
3.4.3 Drying the Treated Specimens 
In order to assess formation of glass like material due to dehydration of gel in the soil, the 
16 specimens treated via percolation were dried at room temperature and 40℃. It was 
shown in previous chapter that dehydration of gel due to evaporation results in formation 
of a glass-like material and a salt. 
3.4.4 Treatment Under Soaked Condition 
Treatability of the soil under soaked condition was also evaluated. In this regard, the 
percolation method described above was applied to treat the soil which has been already 
soaked in water. For this purpose, water was added into the bowl up to 3/4 of the height 
of the ring so that the water filled the pores under soil suction. Then the silica solution 
was percolated from the top. The density of sand and amount of sodium silicate solution 
were the same as above. Also, the soil was cured for 7 days after the gel formed. 
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3.4.5 Soaking Treated Specimen in Water 
In order to assess the stability of gel in the treated specimens, 3 specimens treated using 
percolation method were soaked in water for 7 days. Figure 3-5 shows the treated 
specimen soaked in water. 
 
Figure 3-4. Soaked Treated Specimen in Water 
3.4.6 Direct Shear Test on Treated Specimens 
Direct shear test (ASTM 3080) was conducted on all the treated specimens, except for the 
dried specimens as they crumbled after the dehydration. The test was conducted under 
three normal stresses (50 kPa, 100 kPa, and 200 kPa). The rate of shearing was 0.25 
mm/min in all the experiments. In order to compare the level of improvement in strength 
of the sand due to the treatment, the test was performed on the non-treated sand (at the 
same relative density of 25 %).  
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3.4.7 Hydraulic Conductivity Measurement 
A falling head hydraulic conductivity test was conducted on the treated specimens, non-
treated sand, and silica gel using Ksat device, illustrated in Figure 3-7. To ensure 
saturation of the specimens prior to the test, all the specimens were placed in the chamber 
containing water at the bottom (i.e. bottom to top saturation) for at least one day. 
 
Figure 3-5. Hydraulic Conductivity Device 
3.5 Results and Discussion 
3.5.1 Treatment Methods 
The observations of the methods were noted in the next figures.  
1) Cover the bowl with parafilm and Ziploc until it gels and remove the cover: 
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Figure 3-6. First Method Trial for Treating the Sample 
The sample was treated be pouring solution to the side of the rings making use of the 
suction effect of the soil. In Figure 3-6, there was no parafilm to cover the ring. The 
picture from the left is at time 0 and the middle picture is when the solution formed a gel. 
Blueish color in the specimen indicate that the treatment had a reaction with the metal. 
After one day of removing the cover to dry out the sample to obtain dry sample, the right 
picture was obtained. On the right picture, the solution evaporated and the soil was under 
a loose condition as it was before treatment with some salt and silicon in the top. The 
solution did react and showed a stiff sample but once it was opened to air-drying, the 
solution evaporates and the soil collapse. 
65 
 
 
Figure 3-7. Second Method Trial for Treating the Sample 
In Figure 3-7, parafilm was used to cover the ring to prevent the reaction between the 
solution and the ring. The left picture was at time 0 and the middle picture is when the 
specimen gelled. In the right picture, the specimen left for air-drying for 1 day and the 
final result was a loose sample with salt and silica. The reaction time was not enough 
between the solution and the particles of the sand. Hence, another treatment method was 
used. 
2) Cover the bowl with parafilm and Ziploc until the required curing days then 
remove the cover to obtain a dry specimen: 
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Figure 3-8. Third Method Trial for Treating the Sample 
In Figure 3-8, the sample was treated for 7 and 14 days in closed system and at the final 
day, the cover was removed and let sample to air-dry. At the final day, the sample was 
stiff and gel filled up the porous in the soil. After letting it air-dry, the sample was loose 
again with some salt and silica. This treatment was not working as the sample failed to 
hold together after air-drying. Longer time was needed in order to obtain a dry treated 
sample. After several trials to produce a stiff sample, another treatment method was used. 
3) Cover the bowl with paraflim and Ziploc until the required curing days and then 
obtain the wet specimen for testing. 
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Figure 3-9. Fourth Method Trial for Treating the Sample 
In Figure 3-9, the sample shown in the left picture is at time 0. The sample shown in the 
middle and right picture is at day 7. The sample was stiff and did not break with 
extracting it out from the ring. The initial observation of the wet treated sample is that the 
sample is vigorous. That sample will be tested in direct shear machine. Several samples 
were prepared for testing day and they were in a double zip-lock bag to ensure no air will 
flow inside causing disturbance for the wet sample.  Figure 3-5 is the top view of the 
treated sample and Figure 3-11 is the preparations of the specimens for testing day. 
 
Figure 3-10. Top View of Treated Sample 
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Figure 3-11. Samples Preparations 
4) Treated dry, and the soaked in water: 
Some of the treated samples for 14 days were taking to test another type of treatment. 
The treatment is to test the durability of the sample to study the behavior of the treated 
sand underneath water. In Figure 3-12, the left picture is the final day before testing. The 
sample did not breakout in the presence of water. It can be said the treatment is feasible 
under groundwater. 
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Figure 3-12. Sample Soaked in Water for 7 Days 
5) Wet treatment: 
This method is to demonstrate the utility of treatment underneath the water.  
 
Figure 3-13. Wet Treatment 
In Figure 3-13, the left picture is when the sample was saturated with water. The amount 
of silica gel solution added in the middle picture was higher the calculated void volume. 
It can be noticed that in the middle picture, the solution is shown in the sides of the ring 
and it is a yellowish color. The solution took over the water place because the density of 
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the solution is higher than the density of water. In the left picture is the sample after 7 
days of curing. It can be seen that the gel was formed underneath the water which 
indicate the feasibility of treatment under saturated condition. 
 
Figure 3-14. Stiff Sample from Wet Treatment 
6) Three-days treatment: 
 
Figure 3-15. Three Days Treatment Results 
In Figure 3-15, the trial for treating the sample for three days was failed due to not 
enough time to form a gel in the sample. For a pH of 2.87 to 3.5, it takes three days to 
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form a strong gel. As shown in Figure 2-45, the resultant was a cracked sample and it was 
too brittle to hold itself. The picture in the right is the final condition of the three days 
treatment. 
7) Mix and compact treatment method: 
The gel was formed outside the soil and then it was mixed with the soil is shown in 
Figure 3-16. 
 
Figure 3-16. Mix and Compact Sample 
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The mix and compact method done for 7 days as a curing time. At day 7, the ring was 
easy to remove from the ring and it was taken out with no difficulties. The initial 
observation is that the sample was holding itself but once the sample was transported, the 
skeleton of the soil collapsed. Some of the soil felt down and the sample was not stiff 
enough to not lose particles of it; however, the viscosity of the treatment made the sample 
to be able to stand. After applying water to the treated soil, the specimen broke as shown 
in the bottom left picture. Mix and compact method to produce a sample for direct shear 
is not practical. 
8) Hydraulic conductivity samples 
Percolation methods was working slowly to saturate the specimen. In order to fasten the 
process, solution was poured in the top from only one side to ensure the air escape from 
the soil skeleton. In Figure 3-17, left picture represent the soil without any treatment. In 
the middle picture is when the solution saturates the specimen and kept in closed system 
for curing. In the right picture, the sample is ready to be testing as the gel was formed in 
the sides and the specimen gelified which made a strong sample. The sample was taken 
out from the bowl by using a rod to remove the gel surrounding the ring and then it was 
put in the permeability device. 
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Figure 3-17. Preparing the Sample 
In Figure 3-18, the effect of localization can be seen in the left picture. That is because of 
some of the solution particles had a quick-gelation pH. Overall, in the middle picture is 
the final day and the left picture is preparing sample for testing. In Figure 3-19, gel was 
made outside and was mixed in the bowl as can be seen in the middle and left pictures. 
Then a rod was used to remove the gel from the outer side of the permeability ring to 
transport the sample to the permeability device and the final product can be seen in 
Figure 3-20. 
 
Figure 3-18. Gel Sample for Permeability Testing 
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Figure 3-19. Mix and Compact Sample Preparation 
 
Figure 3-20. Final Product 
3.5.2 Shear Strength Results 
Direct Shear machine was used in order to measure the peak shear stress and calculate the 
peak shear strength. The experiment was performed on medium dense structure with a 
relative density of 50%. Both untreated dry and wet samples were tested based on shear 
rate and different normal stress. For wet samples, a slow shear rate was chosen to prevent 
the pore water pressure to develop a force to the sand. The dry sample was performed in 
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both slow and medium shear rate. Both of the rates provided the same maximum shear 
stress. The rates are explained in Table 3-2. Both of the tests were running under a 
maximum shear deformation from 6mm to 12mm. 
Table 3-2 Speed Rates 
Speed Rate Value Units 
Slow 0.1 mm/min 
Medium 0.25 mm/min 
High 1 mm/min 
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Figure 3-21. Direct Shear Results for Untreated Samples with Initial S = 0% 
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Figure 3-22. Direct Shear Results for Untreated Samples with Initial S = 100% 
From both Figure 3-21, and Figure 3-22, the error, R2 is very close to each other. Both of 
the equations were close to each other that the difference was very small. The wet sample 
develop no cohesion intercept which means no pore water pressure was developed. 
Hence, there is not a noticeable difference between an untreated dry and wet samples. 
The number of experiments conducted for wet samples are lower than for dry samples 
after it was known that both conditions would give the same values. Tables were 
conducted to calculate the shear strength of the untreated dry and wet samples. Shear 
Strength for both equations are calculated by: 
 
Where, 
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Table 3-3 Peak Shear Strength for Untreated Samples for Normal Stress of 50kPa 
Sample      
Untreated dry 0 50 0.74 36.5 37 
Untreated wet 0 50 0.7412 36.6 37.06 
 
Table 3-4 Peak Shear Strength for Untreated Samples for Normal Stress of 100kPa 
Sample      
Untreated dry 0 100 0.74 36.5 74 
Untreated wet 0 100 0.7412 36.6 74.12 
 
Table 3-5 Peak Shear Strength for Untreated Samples for Normal Stress of 200kPa 
Sample      
Untreated dry 0 200 0.74 36.5 148 
Untreated wet 0 200 0.7412 36.6 148.24 
In Figure 3-22, the results of shear strength from Tables 3-3, 3-4, and 3-5 were graphed. 
Both dry and saturated specimens gave the same peak of shear strength indicating no pore 
water pressure was developed. 
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Figure 3-23. Shear Strength of Dry and Saturated Samples 
As for treated samples, the shear rate was medium and the shear deformation was 
between 6mm and 12mm. it was put very carefully to the shear box to ensure no damages 
or cracks in the treated sample. Overall, the pH of the solution in the treated samples 
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varied from 2.87 to 3.5 that takes 3 days to gelify. After that is the treating time until the 
final day of curing time as shown in Figure 3-24.  
 
Figure 3-24. Treatment Process 
From both Figure 3-25, and Figure 3-26, both equations and R2 are close to each other. 
Hence, there is not a big difference between 7-days and 14-days treatment. Both of 7 
curing days, and 14 curing days had cohesion intercept of 34.57kPa, and 33.48kPa 
respectively. 
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Figure 3-25. Shear Stresses for 7-days Treated Samples 
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Figure 3-26. Peak Shear Stresses for 14-days Treated Samples 
 However, statistically, by finding out the standard deviation, which mean by definition is 
the quantifying amount of variation in the given data set, it can show the data limitation 
between a set of samples. The equation of the standard deviation is: 
 
Where, 
  
  
  
  
Table 3-6 Standard Deviation for 7-days and 14-days Treated Samples 
Normal Stress  50 (kPa) 100 (kPa) 200 (kPa) 
7 days (kPa) 66 ± 5.6 108 ± 7.7 171.1 ± 5.2 
14 days (kPa) 68 ± 4.9 111 ± 5.2 180 ± 4.2 
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There is a small difference between the standard deviation of both treatment durations. 
That is due to the longer gelation time of the specimen that gained more shear stress for 
longer curing time. Although the difference is small, Table 3-6 proves the longer the 
treatment duration, the stronger the sample. 
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Figure 3-27. Shear Strength of 7-Days Treated and 14-Days Treated 
Figure 3-27 shows the difference between the shear strength of both curing times. It is 
shown that in after a 50kPa of normal stress, 14 days of curing shear strength was higher 
in shear strength than 7 days of curing. Tables were conducted to calculate the shear 
strength by the following equation: . The difference between shear 
strength of 7 and 14 days based on 50kPa, 100kPa, and 200kPa as normal stress were, 
2%, 3.7%, and 5.1% respectively. Both normal stress and curing day increases the 
difference in shear strengths. 
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Table 3-7 Peak Shear Strength for Treated Samples for Normal Stress of 50kPa 
Sample      
7-day treated 34.57 50 0.69 34.61 69.00 
14-day treated 180.9 50 0.7373 36.40 70.35 
 
Table 3-8 Peak Shear Strength for Treated Samples for Normal Stress of 100kPa 
Sample      
7-day treated 34.57 100 0.69 34.61 103.40 
14-day treated 180.9 100 0.7373 36.40 107.21 
 
Table 3-9 Peak Shear Strength for Treated Samples for Normal Stress of 200kPa 
Sample      
7-day treated 34.57 200 0.69 34.61 172.23 
14-day treated 180.9 200 0.7373 36.40 180.94 
A comparison was made between untreated and treated samples as shown in Figure 3-25. 
There is a big improvement from 7 to 14 days of curing to untreated samples. This shows 
the reliability and the efficiency the silica treatment. Tables were made to calculate the 
percentage improvement. As the normal stress increases the difference in shear strength 
between untreated and treated samples decreases. In reality, this situation is deeper in the 
surface where the sand is denser and shear strength would be high.  
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Figure 3-28. Shear Strength Comparison 
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Table 3-10 Comparison Between Untreated and Treated Samples Under 50kPa 
Sample  Improvement from Dry Improvement from Wet 
Untreated dry 37 - - 
Untreated wet 37.06 - - 
7 days 68.99 87% 86% 
14 days 70.35 90% 90% 
 
Table 3-11: Comparison Between Untreated and Treated Samples Under 100kPa 
Sample  Improvement from Dry Improvement from Wet 
Untreated dry 74 - - 
Untreated wet 74.12 - - 
7 days 103.4 40% 40% 
14 days 107.2 45% 45% 
 
Table 3-12 Comparison Between Untreated and Treated Samples Under 200kPa 
Sample  Improvement from Dry Improvement from Wet 
Untreated dry 148 - - 
Untreated wet 148.24 - - 
7 days 172.2 16% 16% 
14 days 180.9 22% 22% 
3.5.3 Durability of the Treatment 
As mentioned in material and methods, samples were made based on different treatment 
methods. First method is dry treatment for 14 days and then soaking in water for 7 days. 
Second method is wet treatment for 7 days. Both treatment methods were graphed as 
shown in Figure 3-29, and Figure 3-30. Both of the methods showed a cohesion intercept 
of 26.1kPa, and 14.75kPa for dry treated, and then soaking in water and wet treatment 
respectively. This is an indication that the gel was bonding with the particle of the sand 
creating a stiff sample. A comparison was made between untreated, 14-days treated, and 
treated dry and soaked in water samples as well as the untreated, 7-days treated, and wet 
treatment samples. 
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Figure 3-29. Dry Treated, and then Soaked in Water Specimens Results 
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Figure 3-30. Wet Treatment Results 
The shear strength of both methods was graphed in Figure 3-31. For 50kPa and 100kPa 
of normal stress, the first method was higher in shear strength than wet treatment by 
16.1% and 11.6% respectively. For 200kPa as a normal stress, the wet treatment sample 
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scored a higher shear strength than treated dry and soaking in water method by 4.4%. It 
can be concluded that different type of methods functions effectiveness to improve the 
sand shear strength. 
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Figure 3-31. Shear Strength of Durability Samples 
3.5.4 Permeability Results 
The next table is the final results for all the samples tested. 
Table 3-13 Final Results for Permeability Samples 
Sample Permeability Coefficient (m/s) 
Untreated sample 1.37E-03 
7-days treated sample 1.59-E-08 
Gel sample 3.70-E-06 
Mix and compact (disturbed) sample 4.05E-08 
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Figure 3-32. Permeability Samples Comparison 
In Figure 3-32, it can be seen the permeability coefficient reduced a lot from untreated 
sample when was treated for 7 days. The 7-days treated sample showed a behavior close 
to clay soil which can be used as a prevention from contamination flow from a side to 
another side as much as the soil can.  
 
Figure 3-33. Contamination Prevention Possibility 
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The 7-days treated sample ran for 162hours. The devices stopped collecting data in 
certain point due to an issue in the computer. So, at every test stop, last reading was 
recorded. 
4.00E-09
6.00E-09
8.00E-09
1.00E-08
1.20E-08
1.40E-08
1.60E-08
1.80E-08
0 20 40 60 80 100 120 140 160 180
H
yd
ra
u
li
c 
C
o
n
d
u
ct
iv
it
y 
C
o
e
ff
ic
ie
n
t 
(m
/s
)
Time (hr)
 
Figure 3-34. Permeability Coefficient vs. Time for 7-days Treated Sample 
This experiment is to show the stability of permeability coefficient within the time. In 
Figure 3-34, it was shown that the permeability was constant during the testing time and 
that indicates the feasibility of bio-based silicate solution in term of reducing the 
permeability. As for mixing and compact sample, the permeability reduced as close as to 
7-days treated sample due to the closed porous with gel and the sample was strong 
enough to hold itself. Mixing and compact was efficient to reduce the permeability of the 
treated soil but no strength. As studying the behavior of permeability of the mix and 
compact treatment method sample within the time, Figure 3-35 was obtained for a test of 
a duration of 2 hours. The behavior of mix and compact sample is the same as 7-days 
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treated sample. The permeability reduction was stabled within the time showing the 
efficiency of this treatment. 
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Figure 3-35. Permeability Coefficient vs. Time for Mix and Compact (Disturbed) Sample 
As for gel sample, only one reading was obtainable and the testing of permeability 
changing with the time was not applicable because the gel was not stick to the wall of the 
ring. Therefore, the gel sample slides causing the water flow through the spacing between 
the gel and the ring and then the value of permeability coefficient increased. At the 
beginning, the value was low and that was recorded. As the permeability coefficient 
increased, the test was stopped and Figure 3-36 shows the sliding of the gel specimen 
from the wall of the ring. Overall, both 7-days treated and mix and compact samples 
shows a good indication to resist the liquefaction problem.  
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Figure 3-36. Sliding of the Gel 
3.6 Conclusion 
Ultimately, the behavior of silica grouting was well researched. The treatment methods 
include percolation for obtaining dry sample, wet sample, and mix and compact method. 
The trial of obtaining dry specimen was failed because of the evaporation solution when 
it was air-dried under room and 40ºC temperatures. For wet specimens, 7 and 14 days of 
curing time was feasible to produce a stiff sample; however, 3 days was not enough to 
produce a wet treated specimen. Mix and compact for direct shear sample was not 
applicable because the soil collapse once extracted from the ring and added water to the 
specimen. The wet treated specimens were then undergone to durability test to study the 
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behavior of the silica grouting. Wet treated sample was soaked in water for 7 days after 
14 days of curing and was still solid specimen. Also, the wet treated specimen was 
subjected for wet treatment when the sample was saturated with water. The solution 
successfully produced gel within the pores of the specimen because the density of sodium 
silicate solution is higher than water. The direct shear experiments showed that there is 
improvement in shear strength of the treated soil of an average of 50% from both dry and 
wet specimens. However, 7-day, 14-day treated samples did not have a noticeable 
different in shear strength. Both durability samples improved in terms of shear strength 
comparing to dry and wet untreated specimens. As for hydraulic conductivity, both 
percolation and mix and compact methods were practical for Ottawa 20-30 sand. Both 
samples from treatment both methods had a reduction to the magnitude of -8 behaving as 
a clay material comparing to untreated sand hydraulic conductivity which had a hydraulic 
conductivity of magnitude of -3. The silica grouting is improving the mechanical 
behavior of clean sand. 
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CHAPTER 4 
CONCLUSION AND RECOMMENDATION 
The objectives of the study were successfully achieved on a bench-scale level. Rice husk 
which is an agricultural waste was used for silica solution extracted. The procedure of 
extraction involved of acid-leaching with 1.5M HCl for 20 minutes, combusting under 
600ºC for 2 hours yielded a silica ash with 95% of silica content in amorphous structure 
of silica which is favored for soil treatment. Three main studies were conducted to study 
the behavior of the bio-based sodium silicate. Temperature of the bio-based solution was 
varied to obtain a solution with high percent of silica content. The test conducted under 
three temperatures; 45ºC, 60ºC, and 90ºC. However, all three solutions with different 
temperature produce the same amount of silica content meaning the saturated point was 
already reached when measuring. The second study is to evaluate the gelation time for 
silica solution for different pH values. The gelation time of the silica solution was longer 
when the pH was more acidic comparing to bases pHs. In the presence of soil, the 
gelation time for silica gel solution tremendously increased comparing to the absent of 
soil. The gelation time are almost doubled and tripled based on the pH ranges. The pH of 
the soil showed a delaying in gelation time of silica solution. Silica gel showed a coherent 
behavior when soaked in water referring the ability of treating under water. Samples were 
made based on two treatment methods; percolation and mix-and-compact. It was 
concluded that percolation treatment method worked for both direct shear and hydraulic 
conductivity samples to produce vigorous specimen; but mix-and-compact was only 
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adequate for hydraulic conductivity specimen. Silica solution extracted from rice husk 
demonstrate the effect of silica on developing the mechanical behavior properties of the 
sand. Shear strength of treated sand was improving highly when applying a low 
confinement pressure as the difference of the improvement decreases when increasing the 
confinement pressure. Samples treated for 7 days showed same improvement to samples 
treated for 14 days. The average improvement of shear strength of treated sand was 50% 
to untreated sand. Bio-based silica gel was applicable for treatment underneath water by 
testing the durability of the treatment as 14-day treated samples were soaked in water for 
7 days and showed an improvement in shear strength as well as wet treatment where 
silica solution moved water out from sand pores because the density of sodium silicate 
solution is higher than water. The wet treatment sand also showed an improvement from 
untreated sand. As for hydraulic conductivity, both treatment methods reduced the 
hydraulic conductivity coefficient by 5 magnitudes. Treated sand with percolation and 
mix-and-compact methods were behaving as clay material. Also, both treatments were 
tested with respect to time as yet both specimens behaving as clay material. Gel sample 
was made to measure the hydraulic conductivity as the gel yielded a magnitude of -6. 
Treated sand and gel sample emphasis the feasibility of silica treatment for geotechnical 
applications. Although this study is a great baseline technique for ground improvement, 
recommendations for future research are important to address to consider of improving 
the quality of silica grouting. 
A. Sodium silicate solution production 
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The extraction of silica ash was well studied as the obtainable silica content is very high. 
However, the procedure can be modified to reduce the usage of energy and be more 
sustainable. For example, a different hydrochloric acid concentration can be lowered. 
Also, the temperature and time for incineration process can be reduced and tested with 
XRD to evaluate the silica form whether it is amorphous or not. It is recommended to 
study the production of silica solution after reducing the parameters values of extraction 
method. Additional temperatures can be studied to evaluate the ash dissolved in silica 
solution. After that, XRF experiments can be conducted to study the saturation point and 
evaluate the silica content for each silica solution temperature. Higher or less 
concentration of sodium hydroxide and sodium silicate can be produced to evaluate the 
silica content to reduce the amount of chemical products usage. 
B. Gelation time of silica solution 
This work was productive as preliminary study of gelation time of silica solution. 
however, it is recommended to use devices to record the gelation time rather than visually 
observation (i.e. spectrophotometer). The using of continuous reading devices will help to 
collect accurate data for better analyzing. Also, it is recommended to study other factors 
that are contributing on gelation time of silica solution; for example, temperature, 
concentration of silica solution, different molar of hydrochloric acid, different type of 
acid. The gelation time of silica solution in the presence of sand can also be more 
accurate. The sand affect to gelation time can be measured continuously to study the 
change in pH with the time more precisely as well as to conduct more research on factors 
effecting the gelation time in the sand present. It would be desirable to study the gel 
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characteristics and the gel produced with the pores of sand. Gelation time should assess 
as accurate as possible when evaluating all factors contributing. Lastly, the challenges 
facing this process for a field-scale should be addressed and well researched. 
C. Mechanical behavior of treated sand 
The mechanical behavior of the treated sand can be improved for comprehending the 
silica gel behavior. Several test conditions needed to be evaluated for this study for better 
conclusions. Trials on obtain 3, 4 days wet treated samples are needed to present the 
shear strength along with 7 and 14-day treated samples. Also, samples treated for 21-day, 
28-day, and 52-day are needed for shear strength examination and comparison to 7, and 
14-day treated sand. Tests for each condition should be more than 4 tests to obtain a 
range of values to average and obtain standard deviation. Additional confinement 
pressures are needed to propose a model for silica grouting. After that, further testing is 
needed to obtain dry treated sample. It was hard to obtain dry treated sample in this 
project due to the lack of information available but more curing days are needed to 
evaluate any changes. It is also important to study a set of different soils to related the 
parameters used in this study as only one soil type was used. Investigations for studying 
the hydraulic conductivity are important as different curing time should be addressed. 
After being able to obtain a dry treated sand, it should be tested in the permeability 
device to determine the behavior of dry treated sample. It is interested to use different 
sodium silicate ratio to study the difference in mechanical behavior when using different 
silica solutions. Finally, more durability experiments are needed to fully understand what 
silica solution is capable of.  
94 
 
REFERENCES 
Abu Bakar, R., Yahya, R., Gan, S. (2016). Production of high purity amorphous 
silica from rice husk. Procedia Chemistry. 
 
Ahiduzzaman, M. and Sardul Islam, A.K.M. (2016). Assessment of rice husk 
briquette fuel use as an alternative source of wood fuel. International Journal of 
Renewable Energy Research. 
 
Ahiduzzaman, M. (2007). Rice husk energy technologies in Bangladesh. 
Agricultural Engineering International: The CIGR e-Journal. 
 
Ata, A., Vipulanandan, C. (2000). Factors affecting mechanical and creep 
properties of silicate-grouted sands. Journal of Geotechnical and Geoenvironmental 
Engineering. 
 
Attom, M. (2006). The use of shredded waste tires to improve the geotechnical 
engineering properties of sands. Environmental Geology 
 
Avci, E. (2017). Permeability characteristics of sand grouted with glyoxal blended 
sodium silicate. Hittite Journal of Science and Engineering. 
 
Bauer, S., Gronewald, P., Hamilton, J., Mansure, A. (2005). High-temperature 
plug formation with silicates 
 
Bergna, H., Roberts, W. (2005). Colloidal silica: fundamentals and applications. 
 
Chakraverty, A., Shaik, K. (1991). Conversion of rice husk into amorphous silica 
and combustible gas. Energy Conversion and Management. 
 
Cheng, L., A. Shahin, M., Cord-Ruwisch, R., Addis, M., Hartanto, T., Elms, C. 
(2014). Soil stabilization by microbial-induced calcite precipitation (MICP): 
Investigation into some physical and environmental aspects. 
 
Cheung, K., Venkitachalam, T. (2000). Improving phosphate removal of sand 
infiltration system using alkaline fly ash. Chemosphere. 
 
Chungsangunsit, T., Gheewala, S., and Patumsawad, S. (2005). Environmental 
assessment of electricity production from rice husk: A case study in Thailand. 
International Energy Journal. 
 
Clough, G. W., Kuck, W. M., Kasali, G. (1979). Silicate-stabilized sands. Journal 
of Geotechnical and Geoenvironmental engineering. 
 
95 
 
De Luca, M. (2017). Rice husk based silica gelification for stability of expansive 
soils in road construction. (Master’s thesis). Polytechnic University of Turin, Turin, Italy. 
 
De Sousa, A., Visconte, L., Mansur, C., Furtado, C. (2009). Silica sol obtained 
from rice husk ash. Chemistry and Chemical Technology. 
 
Edil, T., Asce, M., Acosta, H., Benson, C. (2006). Stabilizing soft fine-grained 
soils with fly ash. Journal of Materials in Civil Engineering. 
 
EM 1110-2-3506, Grouting Technology. (2017). US Army Corps of Engineers. 
 
Foletto, E., Gratieri, E., De Oliveira, L., Jahn, S. L. (2006). Conversion of rice 
hull ash into soluble sodium silicate. Materials Research. 
 
Gallagher, P., Conlee, C., Rollins, K. (2007a). Full-scale field testing of colloidal 
silica grouting for mitigation of liquefaction risk. Journal of Geotechnical and 
Geoenvironmental Engineering. 
 
Gallagher, P., Pamuk, A., Abdoun, T. (2007b). Stabilization of liquefiable soils 
using colloidal silica grout. Journal of Materials in Civil Engineering. 
 
Garshol, K. (2007). Pre-excavation grouting in tunneling. UGC International, 
Division of BASF Construction Chemicals (Switzerland) Ltd. 
 
Ghorbani, F., Sanati, A., Maleki, M. (2015). Production of silica nanoparticles 
from rice husk as agricultural waste by environmental friendly technique. 
 
Giddel, M., Jivan, A. (2007). Waste to wealth, potential of rice husk in India a 
literature review. Proceeding International conference on cleaner technologies and 
environmental Management. 
 
Gonzalez, H., Vipulanandan, C. (2007). Behavior of a Sodium Silicate Grouted 
Sand. Geotechnical Special Publication. 
 
Guyer J. (2009). Introduction to soil grouting. Continuing Education and 
Development, Inc.Bottom of Form. 
 
Hamouda, A., Akhlaghi Amiri, H. (2014). Factors affecting alkaline sodium 
silicate gelation for In-depth reservoir profile modification. 
 
Hanum, F., Bani, O., Wirani, L. (2017). Characterization of activated carbon from 
rice husk by HCl activation and its application for lead (Pb) removal in car battery 
wastewater. IOP Conference Series: Materials Science and Engineering. 
 
96 
 
Hassanlourad, M., Salehzadeh, H., Shahnazari, H. (2011). Undrained triaxial 
shear behavior of grouted carbonate sands. International Journal of Civil Engineering. 
 
Iler, R. K. (1979). The chemistry of silica: Solubility, polymerization, colloid and 
surface properties, and biochemistry. New York: Wiley. 
 
Jayawardana, H., Weerahewa, D., Saparamadu, J. (2016). The effect of rice hull 
as a silicon source on anthracnose disease resistance and some growth and fruit 
parameters of capsicum grown in simplified hydroponics. International Journal of 
Recycling of Organic Waste in Agriculture. 
 
Jha, J., Gill, K. (2006). Effect of rice husk ash on lime stabilization of soil. 
Journal of the Institution of Engineers (India): Civil Engineering Division. 
 
Kalapathy, U., Proctor, A., Shultz, J. (2000). A simple method for production of 
pure silica from rice hull ash. Bioresource technology. 
 
Kamath, S., Proctor, A. (1998). Silica gel from rice hull ash: preparation and 
characterization. Cereal Chemistry. 
 
Karol, R. H. (2003). Chemical grouting and soil stabilization. 
 
Kavazanjian, E., Almajed, A., Hamdan, N. (2017). Bio-inspired soil improvement 
using (EICP) soil columns and soil nails. Geotechnical Special Publication. 
 
Kavazanjian, E., Hamdan, N. (2015). Enzyme induced carbonate precipitation 
(EICP) columns for ground improvement. Geotechnical Special Publication. 
 
Khan, M., Jamil, M., Karim, M., Zain, M., Kaish, A. (2015). Utilization of rice 
husk ash for sustainable construction: A review. Research Journal of Applied Sciences, 
Engineering and Technology. 
 
Krizek, R., Spino, M. (2000). Spatial and directional variations in engineering 
properties of an In situ silicate-grouted sand. Proceedings of Sessions of Geo-Denver 
2000 - Advances in Grouting and Ground Modification. 
 
Kumar, A., Mohanta, K., Kumar, D., Parkash, O. (2012). Properties and industrial 
applications of rice husk: A review. International Journal of Emerging Technology and 
Advanced Engineering. 
 
Le Van, K. Luong, T. (2014). Activated carbon derived from rice husk by NaOH 
activation and its application in supercapacitor. Progress in Natural Science: Materials 
International. 
 
97 
 
Lim, S., Wu, T., Sim, E., Lim, P., Clarke, C. (2012). Biotransformation of rice 
husk into organic fertilizer through vermicomposting. Ecological Engineering. 
 
Mane, V., Mall, I. D., Srivastava, V. C. (2007). Kinetic and equilibrium isotherm 
studies for the adsorptive removal of brilliant green dye from aqueous solution by rice 
husk ash. Journal of Environmental Management. 
 
Matori, K., Mm, H., Wahab, z., Aziz, S., Tan, K., Ghani, W. (2009). Producing 
amorphous white silica from rice husk. 
 
Merrill, R., Spencer, R. (1950). Gelation of sodium silicate: Effect of sulfuric 
acid, hydrochloric acid, ammonium sulfate, and sodium aluminate. 
 
Moayedi, H. (2012). Stabilization of organic soil using sodium silicate system 
grout. International Journal of the Physical Sciences. 
 
Mollamahmutoglu, M., Avci, E., Tomac, S., Kose, D. (2017). Performance of 
novel chemical grout in treating sands. Journal of Materials in Civil Engineering. 
 
Mor, S., Chhoden, K., Khaiwal, R. (2016). Application of agro-waste rice husk 
ash for the removal of phosphate from the wastewater. Journal of Cleaner Production. 
 
Moradi, G., Seyedi, S. (2015). Effect of sampling method on strength of stabilized 
silty sands with colloidal nano silica 
 
Mortensen, B., Dejong, J. (2011). Strength and stiffness of MICP treated sand 
subjected to various stress paths. Geotechnical Special Publication. 
 
Muthayya, S., Sugimoto, J., Montgomery, S., Maberly, G. (2014). An overview of 
global rice production, supply, trade, and consumption. Annals of the New York Academy 
of Sciences. 
 
Novotny, R., Hoff, A., Schuertz, J. (1991). U.S. Patent No. 5,000,933. 
 
Nwajiaku, I., Sato, K., Tokunari, T., Kitano, S., Masunaga, T. (2018). 
Improvement of rice husk residue silicon availability for replenishing available silicon in 
paddy soil. International Journal of Plant and Soil Science. 
 
OSPAR Commission. (2016). OSPAR List of substances used and discharged 
offshore which are considered to pose little or no risk to the environment (PLONOR)–
update 2016. 
 
Persoff, P., Apps, J., Moridis, G. (1996). Effect of dilution and contaminants on 
strength and hydraulic conductivity of sand grouted with colloidal silica gel. 
98 
 
 
Pinheiro, S., Vasconcelos, R., Augusto Paiva, O., Cordeiro, G., Chaves, M., 
Toledo Filho, R., Fairbairn, E. (2011). Production of silica gel from residual rice husk 
ash. 
 
Pode, R. (2016). Potential applications of rice husk ash waste from rice husk 
biomass power plant. Renewable and Sustainable Energy Reviews. 
 
Prasad, R., Pandey, M. (2012). Rice husk ash as a renewable source for the 
production of value added silica gel and its application: An overview. Bulletin of 
Chemical Reaction Engineering and Catalysis. 
 
Real, C., M.D, Alcalá., Criado, J. (1996). Preparation of silica from rice husks. 
 
Rivas, A., Vera, G., Palacios, V., Rigail, A., Cornejo, M. (2016). Characterization 
of rice husk and the crystallization process of amorphous silica from rice husk ash. 
 
Rosenfarb, J. L. and Hackman, R. E. (1981). The Cyclic Loading Behavior of 
Grouted Sand. International Conferences on Recent Advances in Geotechnical 
Earthquake Engineering and Soil Dynamics. 
 
Shen, Y., Zhao, P., Shao, Q. (2014). Porous silica and carbon derived materials 
from rice husk pyrolysis char. Microporous and Mesoporous Materials. 
 
Tognonvi, M., Rossignol, S., Bonnet, J. (2011). Physical-chemistry of sodium 
silicate gelation in an alkaline medium. 
 
Ugheoke, B., Onche, E., Namessan, O., Asikpo, A. (2006). Property optimization 
of kaolin - rice husk insulating fire - bricks. Leonardo Electronic Journal of Practices 
and Technologies. 
 
Yalçin, N., Sevinç, V. (2001). Studies on silica obtained from rice husk. Ceramics 
International. 
 
Zamani, M. K., Bin Hashem, R., Suhatril, M., Motamedi, S. (2015). Review of 
chemical grouting by various types of materials. 
 
Zhao, Q., Li, L., Li, C., Li, M., Amini, F., Zhang, H. (2014). Factors affecting 
improvement of engineering properties of MICP-treated soil catalyzed by bacteria and 
urease. Journal of Materials in Civil Engineering. 
